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. 
THE EFFECTS OF HUB DRAG, SOLI3ITY, DUAL 

ROTATIOX, AND P L W , R  OF BLADES UPON THE 

By E l l i o t t  Go Reid 

Sl7MWJC 
*: 

This repor t  descr ibes  an lnvefitigation of t h e  e f f e c t s  of 
hub drag, s o l i d i t y ,  2uai  ro ta t ion ,  an5 n m b w  of biades upon the  
e f f i c i ensy  of high-pltch prokei le rs ,  

Irel-jminary tests racle with six-bls.de p o p e l i e r s  demonetrated 
t ,hat  s l i g h t l y  g rea t e r  e f f i c i enc ie s  wr-ra obtained with a spinner of 
0.12D than with one of 0.28D. 

Two-, th ree- ,  fcur-, and six-blade s%gle - ro t s t ing  propel le rs ,  
and four -  and s ix-blade dua l - ro ta t ing  p r o p d l e r s ,  e q u i p p c  with 
Epimers  of the  smaller size,  Were then t e s t ed  a t  blade angles  of 
35O t o  650 at 0,75R. 
prcviovs t e s t s  made with bare hubs r:.wa.l auh:2tantial i nc remes  of 
t h r v s t ,  m r y  small ef:?eqt.s u p n  ?owe;-, ad marked imp-ovementw in  
e f f i c i c x y ,  These h;rovernentR increase with V/nD and a r e  g r e a t e r  
f o r  s;ng1e- than f o r  3ml - ro t a t ion  md-els .  

ComsarJson of the r e s a l t s  with thore of 

The e f f e c t s  of s u l i e i t y ,  dual  r o t a t l m ,  and number of blades 
upon the  performaace cha rac t e r i s t i c s  of constant-speed propel le rs  
with spinners  a r e  and-yzed by a new method, With such pro?ei lero,  
it i s  found t h a t  marked irr.piovements i n  take  of f  and c l i m 3 h g  
p x f o r m n c e  can be obtaine?. by increasing s o l i c i t y  and introducing 
dua l  ro t a t ion ,  and t h a t  r d u c t i o n  of t he  number of blades - zscom- 
ptinied by ccmpensating increase of w5Gth a- has a bene f i c i a l ,  
r a t h e r  than adverse, e f f e c t  at low saeed and a neg l ig ib l e  one a t  
1i'Lgh epaed, 

The general  conclusion is drawn t h a t  blade loading is a more 
r e l i a b l e  index of propel le r  p e r f o m n c e  than  i s  disk loading. 
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Two previous SI;anfoj-d inves t iga t ions  of taneem ( d m l  r c t a t i o n )  
pi-opolierv a r e  described i n  rei’erence:, 1 and 2; t h e  hubs of t k e  
racde2.s u s d  i n  these experiments we-.e f u l l y  euTosed. Other t e s t s  
of 5c;ne of‘ t he  scme rocdals (rr:ference 3 )  hAve demonstrated t h a t  
subs tan t ia l  beneficid1 e f f e c t s  &re obtairied b y  enclosjng t h e   hub^ 
within small s p i m e r s ,  F u d - s c a l e  t e s t s  ( re ference  4) silbstan- 
t i a t e  t h s e  resdts and indlca te  t h n i  t h s  in f luense  cf hub dL*ag 
increac?ea with the  pi  I. ch of t k i e  piaopei ler. 

Since the  appzircvit sgye r io r i ty  of tht: tandem arrangement over 
t h e  conventicn~l- o w  a l s o  irm-eased w i t , l  p l t c h  when t h e  hiibs xere 
vnshielde2, it was CLjjilP, d w e d  dosi,rLblc t c  mdertaks a broad in-  
veot igat icn of t he  e f r e c t s  of hub drag upon t h e  e f f i c i ency  of high- 
p i t c h  yropei l e r s  01’ both s iugle-  and d3ia l - ro ta t  ing types ,  And, QS 

s u ~ h  on inves t iga t ion  vovld necessar i ly  invotve most of the cxperz- 
nreital worh require: foL* a,i~l.::eis cf tho e f fL ,c t s  of s o l i d i t y ,  dm1 
r o t a t i c n ,  z.n< iium3er of hllcLdeu upm y o p u l s i v p  e f f i c i ency ,  a s l i g h t  
e-dai-qezent o+’ the  progrtxn enabled the incl.usion cf these obJectivos.  

Pr.w eiited i n  t h ” s  rcpoi-t are thc? rc.,:iG.tn of thesc? experiments 
wh’ch i , c e  cslri-ied ou t  f o r  t h e  K.WA i n  t n c  G~.ggonheim Aeronautic 
Laboratory of ,CtanToia Uni-TerE i t y .  

Wind tiinnel 3rd dyamomtder ,  - Th5 7-1/2 foo t  Ei f fe l - type  
-I_- .-.- -..-.--- - - - ---,---.- 

t ’ x m l .  mx-? the dj imomster .  we?. for thsR:e t e s t s  have been descrlbcd 
i n  reYe r t ixx 1. The dymnome-tcr enables determl.r.t.ati.on of th:= t o t a l  
t?:-usi, and the torque of each mmiher cf a tandem cozbiw,t :on; i-ts 
El?l’O.?.diiIg was Sligh”,iy mcdi.iied durin,ii t he  prosent tCFlLS t o  blend 
sicccthl>r iiito t h e  l i n e s  or’ t h e  spinners ,  wh-icki were a,ttaciled t o  t?w 
modo1 p m p e i l a r s .  

I lodel mope l l e r s .  - The Slades of the  models ascd  i n  these  -----*..---I 
experm-x,ts ;fei-e of NACA t y p  E an3 have been used -in several. 
previous invest igat ions,  (See reference& 1, 2,  3, and E.) Their 
genc:-al. appearance is  i l lu t i t ra ted  b y  f igu res  1 t o  5; blade-form 
c w v m  ai-e Civcn i n  f i g i r e  6 and a comTlete drawing ma$ be “ound 
i n  refsrencc 5. The f a c t  t h a t  t h e  shanks of t hese  blades h ~ v e  
s-crsmlinc profiles shclxld be noticed p a r t i c u l a r l y  becnvse t h i s  
f e a t w e  has s31ch an important bearing upon tho qvest ion of’ ‘3ThhLIm 
spinqer d i m c t e r .  

4 
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A l l  of t h e  models wore 36 inches i n  di.aneter. At ten t lon  is 
ca l lod  t o  the  iuiiformrity of  size becav.se pi*ev-i~mlji t a s t e d  Gix-bhde 
mode l s  have been 37  fnches i n  dicmeter;  t h i s  i r r e g u l a r i t y  vas 
eliminated by reconstruct ion of the six-way hub. 
spec ia l  models (used t o  invest igate  t h e  e f f e c t  of number of blades 
with f ixed s o l i d i t y )  t h e  blade wl.dth was tha.2, definqd by the 
curve designated E in ! f ig ixe  6; a t  corresponding rad-li ,  t h e  chords 
of t h e  wider blades,  E end E" were, respec t ive ly ,  413 and 3/2 
those of t h e  E blades. A11 bi.adc:-angl.e values r e f e r  t o  t h o  see- 
t i o n  a t  0,75R.  

In  all but two 

b/D 

Spinners. - Spinnei-s of two sizes were t c s t e d ;  t h e i r  foi-ms &re 
i l l u s t r 2 t e d  by f igv res  1 t o  5. Y'h3 f o r a s d  sec t ion8  w u r e  halves  of 
e l l i p s o i d s  of r evc lc t  ion ard t k e  mar sec t ions  w w c  c i r%cular  cyl inders .  
The h a l f - s l l i p s o i d s  ha2  axi-al lengths aqua1 t o  t h e i r  m z x i m u m  diameters 
which were 4.25 inchcs (G.il8Dj ant" 10.00 inches (3.278D).  The planes 
of r o t a t i o n  of sin@, ~rcpell~rs and these  of t h e  forwcrd mirnbers of 
tarid<am com'oimtions we?-!:r; located 3.625 lnches (D.lOlD) af t  of t h e  
bases  of t h e  a i l i p s z i d z l  noses. The concentric dyrmmon;ot~,r shroude 
slig"lt1y overlapped thc  spinners, clc3rcd them radially b) 0.05 inch 
an< t e rn ina te3  2.2 inches a f t  of the ;:.me of ro?a t ion  of the  single 
p - q d l w s  F n C  1.4 inchts  a f t  of the FLone of t h c  rem- propailer when 
two wcr13 moimtcd i_n tanGm. 

-IC--- 

The ~ m l l  s p i m e r s  had the ra inhim di'metm whlch woxld permit 
enc loswe  of t h e  hubs; t h y  wrc pic r m d  w:th holes Jus t  l a r g e  taoiuigh 
t o  adinit t;ie c i r c u l a r  Slade shanks and the  Si i t ts  of t h e  blades 
tovched thc  spimiers when scc a t  iargs a q l e s .  (Sce f i g .  4.) Thc 
lai*Ge spinners cnc1osC:d cons i d o r s b l  port icns  of +,he blades .ind tr-c 
d i a x z t o r  of thc  c i r c u l a r  aper tu res  was t"lerc;ore sl! g!it 17 g r e a t c r  than 
Lbe ? lads  chord, A l l  of 4JJhe spi tmors  had i n t e r n a l  d i a p h r c p s  which 
pl-c-venccd c m t r i  'tigal pumpinc1: ac t ion ,  t h t  is, drawing ail- from t h e  
base 0 -  t h c  spinner and discharging it through t h e  blzdc a p e r t w e o ,  
To p:-ovide s t r i c t l y  colnparabie blade-root co rd i t i cns ,  th;  azperturss 
i n  the large spinners w r e  closed with cellophant vapt sild when -11 
spinners were w e d  the  irrt&iilJ,zritics a t  Llic roots of %e 51cd~s wer3 

Tho tcms "plain"  2nd "f i l l i ; t bd"  Slnde Toots 
3~ used t o  dts t fngLish the  conditlons i l ' u s t r a t c d  b; , ' jgues 4 and 
.J, r c spLc t ive ly .  

i 1 1cd wi+uln p l a s t i c i n s ,  

- 

T c s t s .  - To dctsrmine the  effects  of spinner  diameter, p r t -  -- 
l . h i n a y , y  t e s t s  wero mad6 with six-blade model propolLlurs wWch wwe 

successively with the  1ai-g~ and smll spinners ,  I n  t h e  cast 
of Lhe small cne, t e s t e  wors mado a t  blade mglcs of 35O, 4S0, 5 5 O P  
nnd 650 with p l a i n  blade roo t s  t,nd a t  450 and 550 with f i l l e t e d  roots .  
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Tes t s  were made I n  accordance with the  usual Stanford labora tory  
p rac t i ce  of drivirig model prop.;l:ers a t  conatant r o t a t i m  epeeds and 
v a r j i n g  V/nl, by a l t e r i n g  t h t  w i ~ d  o p u d .  The r o t a t i v e  spesds 
Gt i l ized  fo7- t c e t s  made with biade aug1.e~ of 3S0, 4S0, 55@, and 65' 
wcre approxihate1.y 1Sj0, ;100, 865, :Lr-d 625 r p ,  respec t ive ly ,  
ve;tur:o are si ibstnnt ia l ly  eqimi t o  tFtJae ueed f o r  t h e  mane blade s e t -  
tings in  the  t e s t s  covered by rcfercqcos 1, 2, ami 3, 
t o s t s  t13re rude with each model a t  each blade ae t t i ng ;  t h e  v e l o c i t i e s  
used i n  t h e  sucond were intentLonally si;aggerod with r c s p c t  t o  those 
of t h e  first, and blade angles were c?lseked between tests, 
somewhat unconventional technique qiulded very p z t i f y i i g  r e s i d t s ;  
it l e d  t o  t h e  discovary of one c r r c r  i n  t Z d o  s e t t i n g ,  t o  ilnusudlly 
prociee d e f i n i t i o n  of d i scon t inu i t i e s  <e.g, t he  break i n  tho  
curve for  the  E" 
hysteresis o f f o c t s  upon the  charzctor is t ic t i  of di la i - rotat ing pro- 
p e l l o r s  when s o t  a t  55O. 

These 

Two compl.ote 

This 

CP 
bladcu a t  350), end t o  tho  disCGVery of so100 

The only o n t i r z l y  new olenent of testirig procedure adoptod f o r  
thest; experiments was the  observation and regillation of t h e  prcsowos  
on the  backs of t h e  spinners.  This was r e l a t i v e l y  - ,ui iqortant  in  the 
case of the mall spinner but  ser iously errone;us t bus t  rua6ings 
would h v e  been recorded if no a t ton t ion  had been paia t o  t h e  pres- 
sures b u i l t  up within the  shroud behind the  large spinner ,  

To ei iminate  81x21 extraneous forces ,  t h c  ccmbimtlon of b locdm 
o r i f i c e s  with an a d j u s t a b l ~  f l a p  ring was f j r s t  uoed and t h i s  tms 
l a t o r  sil.pplzntod by a va r i sb l e  scr,op for  adjustment af t h o  p-nssuro 
ins idc  tho  shroud. A s  t he  var ia t ion  with V/,?n of tho  prcsaures a t  
thi: scvoral nescssary openings i n  the  shroud m d e  it i m ~ o s s i b l e ,  even 
with a single model, t o  maintain equality of tho intorrnil  and s t rz t ic  
pressures ,  t hc  ?rsss:.rc cont ro l  dovice was so adJus tqd  a8 t o  dqual izs  
them a t  t h e  V/nD for  max7dum eff ic iency and a shroud p r e s s w e  run 
was m d c  110for0 each model propel lar  t e s t .  The t h r u s t s  obsorvtd 
during tho  1 3 t t e r  wcro siibscqilmtly corrcctcd f o r  dcvia t ions  of the 
shroud prosswe from t h o  s ta t ic  pressure 3f t h i  undisturbed stream. 

Under those conditione,  thv spinner t h r u s t  cor rcc t ions  wore lees  
V/nD w e l l  than  1 psrcent  of the mcaawed th rus t  cxccpt a t  values of 

above or  below t,hat for mcvrimm ef f ic iency  and they  exceeded 3 percent 
only with t h c  largo spix-icr. Moreover, t h e  accurscy with which tho  
shroud pressarcs  were dctmmined mabled ca l cu la t ion  of thi: correc- 
t i o n s  with an  accuracy much grea te r  than t h a t  of force  obsorvation. 
Therefore t h e  corrocted thrus-Ls m y  bc c m f i d e n t l y  accepted as thoso 
which correspond t o  the  exis tence of s t a t i c  pressure  over tho  back8 
of t h e  spinners.  
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5. 

L 

Tke obs.:rvi.d data havo beLn reduced t o  t h e  uoual  c o c f f i c i s n t  
fcms 

Uso 2iao also be( n rmdL of what vi11 bc m l l e d  th,: " t h i x s t  powel. 
coc,i'fic cnt": it is  ( h f i n c 3  as Cpl;l = q Cp. The symboL ACp i s  
vccrd t o  rcpreserit tlic d i f fe rence  betuceri t he  p3wor coc f f l c i en t  for 
tiic f yrward ( r , h ,  ) and rc.x ( l , h ,  ) r i i L Z t ) e r B  of t a n d m  CCD- 
b inat ions,  that is, 

- 

ACP = Cp (?.',h.) - Cp ( l c h . )  
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DISCUSSION 

Comparison of la rge  and small spinners.  - Inspec t ion  of t ho  
curves ? n  f igu re  8 revea ls  c1 ra ther  surprising f a c t ,  It is t h a t  
small i r r e e u l a r i t i e a  of form at t h e  jirnctions of propel le r  blades 
with o. spinner m y  have g rea t e r  inf luence upon t h e  e f f i c i ency  of 
t h a t  prop,; l ler  than does doubling the  spinner diameter. 
fore  appears t h a t  a fa i r  appra isa l  of t ho  r e l a t i v c  mer i t s  of d i f -  
f e r e n t  spinners can be made only when comparable condi t ions e x i s t  
a t  the  blade roo t s ,  Moreovor, s ince  t h e  Setr imental  e f f e c t s  of 
such i r r e g u l a r i t i e s  increase with blade angle,  t h i s  discovery has 
an important hearing on the  design of spinners  and blade shanks 
(or  cu f f s )  intended f o r  high-opeed a i r c r a f t .  

It tl iere- 

The superimposed anvelopc e f f ic iancy  CIXTVOS a t  t h e  bottom of 
f i g u r c  8 show t h a t  when blsdecspinnor in tor fe rencc  e f f e c t s  a rc  mini- 
mizcd, t he  influence of spinner d i , m c t e r  upon e f f i c i ency  is r c l a -  
t i v e l y  s l i g h t ,  
e f f i c i e n c i e s  a t t a ined  with t h e  l a r g e  and small sp inncrs  w i l l  prob- 
ab ly  be su rp r i s ing  t o  t h e  advocates of both varietiss, but t h e  
allowable l a t i t u d e  of design indicated by t h i s  r e s u l t  cannot f a i l  
t o  be wclcomed, 

The small  order  of t h e  ddfforence bctwccn t h e  

Although t h e  spinner of minimum dicunGter was f o r i d  t o  be 
super ior  i n  the  prescnt  instance,  which involvcd blsdos with strcmn- 
l i n e  shanko, t he re  i s  good reason t o  be l ieve  t h a t  t h i s  m i g h t  not 
have boen t h e  case i f  t he  cxpcrhuunts h3d been made with round-shank 
bladca. The broad question of optimum spinner  d i m c t o r  t hus  ramins 
unse t t led ,  but these  r e s u l t s  c l ea r ly  indicated t h e  d e s i r a b i l i t y  of 
using t h e  smaller spinnor throughout t h e  remainder of t h i s  in- 
vb s t i g a t  ion. 

E f foc t s  of spinnero. - The e f f e c t s  of adding spinners  t o  model 
p rope l l e r s  of seven types a r e  i l l u s t r a t e d  by f i g u r e s  9 t o  15, Be- 
f o r e  oxmining those r e s u l t s  i n  d c t a i l ,  it m y  be worth while t o  
consider t he  potont ia l  sources of spinricr e f f e c t 8  upon p rope l l e r  
cha rac t e r i s t i c s .  

F i r s t ,  and most important, t h e  hub of a propel le r ,  when un- 
shioldcd, expcricnces a consid.;rable drag. 
of t h e  t h r u s t  act,ualljr produced by the  blades and thus  reduces t h e  
e f f e c t i v e  t h r u s t ,  Suppression of t h i s  drclg i s  the  primary objec t  
of L-nclosing the  hub with a spinner. The rosu l tnn t  bene f i t s  may be 
augmented, of course, by mzking the  spinner  diameter somewhat l a r g e r  
t han  t h a t  of t he  hub when t h e  blade s-hnks are of crudo form. How- 
over, it should be remmbercd that as spinner diamuter increases ,  t he  

This neu t r a l i ze s  a p a r t  
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Two vzrar s i g n i f i c a n t  f a c t a  w e  TCvmled by the Lnvclopz c f f i -  
cicncj- C I W V , : ~  21. fig1u-c 16, Thc Xmt is t h x t  t;ic t f f i c i u n c y  02 a 
dmi-rotLtinEi; p-olie1l-w is  inprovtd less by thi: add i t ion  GI' a splnncr 
thzn  is  Lhzt of t i i i  s ing le  p r o p t l l c r  of cpual s a l i d i t y  whlck hno t h e  
o?m, t o t a l  nudoer cf blades. The s,cond is  t h a t  tiic> m=gnitu.dc, of 
t h e  ga in  i_n cfr'icicncj- dus t o  fhc  usb of iz s p i n n w  i s  w r y  s1ig:itly 
a1tcri.d 3s  t h e  num'xr of b'ladco i s  lncr tascd  f r n r a  tllrce to S ~ X .  

. 
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For caso of conparison, c f f  icioncy cnvclopss for tha  f i v c  mcdols 
wll-\c:1 iccorpornte E .Qpc b' .~cc& ,2rc ~ r t ; s e n t c d  f i q y c e  1';. The 
noteworthy c h a m s t m i s t  i c  of those CWJCS i s  t h i r  f l a t n e s s ,  
strongly resenblc thc curves p r c d i c k d  by aFpLicaticn of t.hc sirnplc 
blsd :-eloment tkcory cf  a "rcprescn%ative clcmcnt. I' 

t o  obe~;rvc t h a t  hub drag has obscurod t h i s  c'iaractci-is-tic i n  provioua 
work donc without spirinsrs. It; now n p y a r a  that th;: UBC of v m y  h i 3  
p i t c h  propol lc rs  Ts net ncccs?a.ril.jr accofipmiod by a s ~ r i o i ~ s  1-0~s  of 

ncy; i n  f a c t ,  it i s  ap-Sront t h a t  hi@-sol-idity, dml.-rotati ,ag 
propellers may dcvelop off ic ioncios  i n  u?xcc.ss of 85 pcrcont; with blade 
nnglcs 2s g r m t  as 65". 

Thcy 

I-I; i a  iatarostirg 

It is  aluo shc-dn bp figure 1 6  t,'riat; tho 2pparcnt s u p m i o r i t y  of 
t h e  dual-rot ,2tion arrttngaimnt over th,: convont ioml 3113 is considerably 
l c m  wbn npinncrs a r o  i.:sd than w m  illdicatdd by thc  r c s t i l t s  of 
cai.-licr t c s t s  m d c  w-ith bnrc hiihs. 
cmphm1zcd t h n t  rncrc c o i t i p ~ i a o n  of t41s: cnvclopc c f f  ic icncg c u r v ~ s  i s  
an or i t i re ly  ii.x~doq:iz~tc b m i a  fo r  sppr::isal of thc m::ri-ts of d i f f c r m t  
p r o p c l l i r s  and t h a t  t h i s  Is part icul .wlj .  t r u s  undcr tho condi t ion of 
cons5ant-spccd operation. A morc corrpxhensivG rzotlicd of analysis is 
o;rtlinod i n  the f o l l c x i n g  c o c t h n  ana fu,-tllcr reforonce w i l l  31: m a l o  
t o  tile Q U ~ s t i O i l  of s i n s l o  versus tandcn propollcrs . 

Ho.wevcr, it camot  bo too  s.tror?gly 

Comparison of conctnnt-spocd p,rcpd'Lc.rs. - Although Q cc;nti*ary --- -..- ---I----- 

view is somwhat widcl;. hid, t h e  sdvznt of constmt-spccd p r c p l -  
l c r s  h3s grc? t ly  s h p l i f i u d  t h e  problem of scloct is-g tho  opt,im..m 
dusfgn f o r  E givon m , t  of cpemtlng conditions.  

I n  t h c  case of the fixed- o r  cont ro l lzh lc-p i tch  p r q d l c r ,  
ne i the r  t he  E i f f e l  lognri5lmic chsr t  nor th, morc frcquL.ntly us,d 
" d t s l g n  char t"  (q and V/nD vs .  Cs) y i o l d s  th? d m i r c d  r u s v l t s  
which, i n  iho final analysis, arc s inp ly  curves o f  ava i lnh lc  t h r u s t  
Iiornopower versus vc loc i tq  (thp, vs. V) for ezch of tho deoigns 
imd dr considorntion. 
ahould cx tmd  over tho c n t i r c  r?ngo of o p ~ r z t i n g  s p e d .  
l y ,  t ho  zfcrc-mentioned charts sma51c d i m c 5  ccmpnri3ona t o  bo m d c  
i7n:I2r only on, opera t i i g  condition, t h a t  I s ,  ti>p s p w d  or climb, 
i s  clb.ctiily explained i n  cllapter X o f  reference 6 ,  thu only completcly 
a n t i o f m t o r y  proce3urc is t o  comyute, plot, and compare curvco of 

t!ipa v o x i m  V f c r  sdiveral a 1 t c . r m t i . v ~  dcsigna. Th2 necesc i ty  
?or thFs laborious procedure arisos l2rg3ly from t he  widc divergonce 
i n  t h o  charac te r  of' tlic vclriztions of P O M O ~  (or t o r q m )  with r o t z t i v u  
s ~ c t . 6  camow mcdcrn aircraft onginas. On tho  o the r  hand, t he  usc: of T 
ccnatant-spocd propcllLr cnzblca tho cpcrcrtion of any a i r c r a f t  engine 

For cay thoroiqh cmpariaon, t f i c s ~  curves 
U n f c r t m t o -  

A s  
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a t  corlstant valuc,s of pt-,ker and r p  a t  all f l i g h t  speeds. 
p-evloiis c9mpl!cat;on i s  thus ccqJ!.etelgi excluded ana a new and 
much simpl.er methoa af' comiErison is msde possible .  

The 

A r ~ l a t i v e l y  new tsipe cf char t  is  pa r t i c i i l a r ly  ueoful f o r  
t h j  D purp-se. 
c f  I;evfi~iman~ c3 FreCiction (iseference 7 ) ,  it erlebles d i r e c t  corn- 
p a r i  son, un4er t b  cpnd I - L I  o m  of  constaiit sperd operat ion,  of 
C I T - V ~ ; B  of thpa, 7 or 7Cp \e:-sua V o r  V/nD f o r  any r a g e  
of' I1 ighv speed. The m i l t i p i e  idecclty.  cf t he  cmve8 and t h e  
Ei iq l tc i t j l  of t h e i r  prsparat ion are ex21 a.iiied bel ow. 

0r;ginaLl y d.cva! ope6 f o r  vse i n  a grayhfcal  method 

'I'c ~mderstaiifi t k  develoyenf,  of t!:e char t ,  one has but t o  
recognize thc +'act t ha t  hhen 3 constant-spce2 p rope l l e r  is operated 
st  f ixed  valuss cf p w e r  input ,  r o t s t i v e  speed, and a i r  dens i ty ,  
t he  varittlii.,n of b1s.k angle w i t L  a i r  speed i s  exac t ly  t h a t  required 
t40 maintzin t h a  power cJeffic;ienb 
s tan% vaLm. Urler these  ccndi t ious 

(Cp = 55Q bhp/pn3D5) at a con- 

t h p  = r) bhp 7 Cp (,3n3D"/55D) = 7 Cp ( ccns t an t )  

T h i s  nea.1sI 2ixrl;-, ';ha\ t'ie ox?jm%e,  of t he  curve of thpa versus  
V whLch csirespo,ids t? a parijcdlar v d l ~ , ?  oL( Cp ar'e d i r e c t l y  
proportioiel t o  t h e  v a l w s  of 7 which are r ea l i zed  when t h e  b h d 2  
anglc ~ E I  a ;zomticalQr adjustod so t h a t  tne  s m e  mount  of power- is 
abscrbtd a t  a l l  a i r  specc?s without vnr i , z t im  of the r p ,  

I 

Such cmvcs  of 7 versus V/nD can bc; e a s i l y  conat r ix ted  xhen 
coutaiirs cf 7 a=e siiperiiqosed i1y-n a l o z a r i t h i c  chart, oI" Cj? 
versiis V/rD 
var.i>us sr i les .  An example is  shown i n  f i g u r e  18 %here t h e  ccn- 
s t r u c t i o n  sp the c u v e  of' 7 vsrsiis V/nD far Cp = \7.4 is  i i l u s -  
t r a t e d .  It will be noted t h a t  proper loca t ion  of s c a l e s  enables t h e  
sam curvg t o  def ine  both 7 and C ~ T  (CDT = qCp) . 

f o r  a given t y p  01' prope l l e r  with i t s  blades set  a t  

T h e  i iae cf logarithmic sza l c s  alS.7 >emits i n t e r p r e t s t i o n  of 
t he  curves of Cn versus V/nD as c?~1*ves OF thpa verdus V; 
t h i s  i s  the d i s t i n c t i v e  c h a r a c i e r i s t l c  of the criginal E i f f e l  
logari  tllmic propelle- cha r t ,  Thus t h e  construct  ion  of a family 
5f' sac:h c ~ r - 7 ~ ~  for each type ol propel le r  ef"cctive1y enables d i r e c t  
co?ipai.is;n o_F t h e  cJ:-ves cf thpd versus  V lor a l l  tapes under 
ali conditione cf constant-speed cpara t icn .  

'Scales +'cr P and V may bc correlated with those  for Cp and 
------------_-----_-----------------------------------------------.- 

V / d ,  r e s p e ~ t i v e l y :  5 y  m e  of' eq i a t ions  (1) snd ( 2 )  c f  refererice 
7 .  
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C h s r w t e r i s t i c s  of cclrlstaut-speed p x ~ p l l e r 3 .  - Curvec of t h e  
krr_.i_ just3 Ciasci-ihe5 heyvrs b3en ~ : ’ e ~ ~ r e t  f c r  a l l  of t he  propG;llei*ij 
t e s t e d  6 u r l n s  t he  present  i i ivestlgation; they a;spear i n  .€Yg7xes 19 
t o  25. Those fami l ies  have cor ta in  ccirmon c h n r a c t s r i s t i c s  which 
merit s3ec ia l  a t t e n t i o n ,  Mcst impcrtant, perhaps, i s  t h e  d e f i n i t i o n  
of E?I~ erne-ope by each f a x f l y  ax16 the  ccinvergeiice of t h e  Cnrves fo r  
sma.l.1 values of C? as V,/n_j decreasc.s, Thio ccnvergsnce dnd t h e  
exis tence of an or-velooe reveal the %c.t t h e t ,  q i i l tc  astde frczn coq- 
p r e s s i b i l i t j  lossea ,  t h e  t h r u s t  p-oducnd by a constant-speed propel- 
l e r  at  r s l a c i v s i y  low forwsrd spesds and c w z t a n t  rlyn does not in- 
crease cont imovsly w l t l z  powar 5np5.  
t’lno3.8 increese of poker a t  fixed forwai t  enC r o t a t i v e  spesds, t h e  
t h r u s t  (which is p-cpTr-Lional t o  C ~ T )  f i rs t  increzsea,  then levels 
o f f ,  and finally decl tnos very r a p 4 1 y s  
at ta i r ied a t  pa r t  thrcittLe under certain  lo^ speed condi t ions,  

.-- - .----- 

C T ~  t he  contrary,  with con- 

Thus, optFmm t!irL:st m ~ s .  be 

T k e  secondary notexorthy featLlre is tlie z n i f o m i t y  of a lope of 
tlie left-hand poxti_orls of the  majority of t he  
matcly 450). 
p l o t t i r g  oDe of t he  f m i l i e o  of curves t o  Car tes ian  coordirates;  
f igwe 26 l e  mcI? a reIj lot  cf f ignre 23  The 4 5 O  l!ncr of t h e  
log2r5ti;i~l: ;hart are tra.risfomea ir?to ,-+yaigtit l i n e s  which rn? l a t a  
fJioUi t;i= o;-igin, This ro&i i inuar  c h a r a s t e r i s t i c  indicates t h a t  tlic: 
thl-ust af a caretent-speed propeller is p r a c t i c a l l y  constant throu&- 
out  t he  take-of f run, 

C‘TT c u ~ v e s  (apprcxi- 
The sigriif izanoe of t h i s  f e a t u r e  i s  revm.lcd by re- 

A t h i r d  f ea tu re  of importance is a l a o  apparent i n  f i c u r e  25; i t  
is the very f l a t  top  which charzcter izes  the  C ~ T  ( o r  11) vors’m 
V/nD curves f o r  constant-sFeed propel ie rs ,  The rate u t  vhich tlie 
c f f lc ia iwy dec l ixes  beyond t i l 3  peak is so  uniike t h a t  fc r  t h e  fixod- 
p i t i h  prcpellor as to comFletdy r ev i se  previous i3 sas  of t he  sac-  
r i f i c e  of top  speed enforce6 by the c‘so of a Proyeller. wiiich attPliis 
peak ef f ic iency  at  an air  s;,eed well balclw tho  max!rnwd. 
t e r i s t i c  diffei-ence nap be c lear ly  vi8uallzed by conparing the  
( o r  CpT) versus V / d  curve f o r  Cp = 0.4 i n  f i g u e  18 with t h e  . 
ef f ic iency  curve fo;. p = 450 i n  f igure 10; both r t f e r  t o  t h o - f c v -  
blar2e s ing le - ro t a t ing  propel le r  and geak n t  apprclx-hatGlj eqiml v a l w s  

T h l s  ch-zrrzc- 
7 

01’ v/m. 
Envelope curves of C ~ T  versus V/nD f o r  proF21lers  of fivi: 

types a r e  shown i n  f igure  27 ,  
ccme apparent with f u r t h e r  discussion. 

Their p r a c t i c a l  s ign i f icance  w i l l  be- 
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Effects of s o l i d i t y  and d u a l  r o t a t i o n ,  - The a f f e c t s  of s o l i d i t c r  
and of dual r o t a t i o n  upon t h e  performance c h a r a c t e r i s t i c s  of conskink- 
speed propellors are i l l u s t r a t e d  by f igu res  30 t o  32. 
these  curve8 of C ~ T  (or 7 )  versus V/nD, it should be kepi; i n  
mind t h a t  each group is equivalent t o  a set of ciwves of thpa versus 
V f o r  propel le rs  of f i v s  d i f f e r e n t  types,  a l l  of tho s a w  diLzmadLeia 
and a l l  operating under i d e n t i c a l  cord i t ions  of a i r  donsi ty ,  rokzt ivc 
speed, and brakclhorse-powor input ,  AI though the  valxeo of Cp which 
have been chosen f o r  COIllpR’L’iQOI1 (0.3 t o  0.6) in .d sc,m vnfcmil inr l j .  
l a rge ,  it is emphasized that w o n  t h i s  r?nge dooa not ac’cL?r,lly include 
the  upper limit of currant  design pract;ice, 
help t o  c l a r i f y  t h i s  polrit,  

In camp-?ri;ls 

Figiwes 28 ar,d 29  will 

Figure 28 shows Cp t o  be R funct ion of hp/D2, VT (tllc t i n -  
e e n t i a l  t i p  speed) and a i r  densrty,  or altitude. The re1,itionship 
botweon these quan t i t i e s  is impl i c i t l y  expressed by tLe d e f i n i t i v e  
equation 

3 5  Cp = 550 bhp/pn D 

The e x p l i c i t  form is obtained whon the  product 
V T / ~  and Op0 i s  subs t i tu ted  f o r  p, t h a t  is, 

nD i s  ropl%cbd b: 

The oblique l i n e s  of t he  char t  def ine .the sea- love1 values o f  Cp; 
va lues  f c r  o ther  a l t i t u d e s  arE: obtsined by adc3iK.g t o  the2 ordj.mi;.r;.s 
of t h e  sea-level l i n e s  t h e  increments shown on tho a l t i t u d e  s c a l e ,  
The values of allowable t angen t i a l  t i p  speed can be read .  d i r e c t l y  
from figure 29 for  any combimtion of a i r  speed and czllowable r d -  

s u l t a n t  t i p  speed (VR). 

Values of hp/D2 cur ren t ly  rangc from 1.0, foi: 50-horsepowor 
units, up t o  10 or 11 f o r  engines of %he 2000-horsepower c l a s s .  
the  case o f  a nodern f i g h t e r ,  i f  VR i s  l i m i t e d  t o  900 f e e t  per 
socond, VT cannot exceed about 590 feet  per sccond when V = 4cIO 
miles  per hour. With Vr = 690 f e o t  per  second acd hp/D2 = l!) n t  
25,000 fee t  ( a t t a inab le  with turbosupcrcharging),  Cp is found t o  
be Jus t  about 0.5. This must not be thought an oxtramc: cas8 f o r ,  
i n  designs now under construct ion,  is expected t o  excacd 0.6 
at a l t i t u d e  and t o  approach 0.25 i n  take-off a t  sc?& l evo l .  
curves of f i gu res  30 t o  32 correvpond c lose ly  t o  t h e  condi t ions of 
modern mi l i t a ry  (and probably fu tu re  c i v i l )  dosign, 

I n  

Cp 
Thus thc  
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Preliminary examination of these curves r evea l s  t h a t  tho m x i -  
murr values of CzT an2 q (o r  thp,) d i f f e r  r e l s t i v e l y  l i t t l e ,  
The most strTlcing e f f e c t  of increasing t h e  so l . i d i ty  of a constant-  
ageed propei le r  is  seen t o  be t h e  f l a t t e n i n g  of t h e  peak and l e f t -  
ward displacemri t  of t he  curve of q versus V/nD. It w i l l  a l s o  be 
noticed t h a t ,  whereas the value of V/nD f o r  qmzx aecreaaes a8 
t h e  s o l i d i t y  i s  increaseZ, the curves f o r  s lng le-  and d w l - r o t a t i n g  
p rope l l e r s  of e q u d  m i i . d i t y  pe& a t  a F y o x i n z t e l y  equal va lues  of 
V/r;D, And f i i l a l l y ,  it appears t h a t  the inti-oduction of dual. ro ta -  
t i o n  without change of s o l i d i t y  has a ai.no- e f f e c t  uycn but 
a mkjor one upon the  value of 
below the  peak. 

qmm 
7 throughout t h e  range of VnD 

Before discussing these  phenomena i n  d e t a i l ,  it would appear 
t h a t  two questions shoLld be c l a r i f i e d .  The f i rs t  is: Are the  
e f f e c t s  described above substant ia ted by f u i l - s c a l e  t e s t  d a t a  or 
a r e  they, rerhap9, aimTiy exzggel-a.ted mnif 'esf ja t ions of sca l e  e f f e c t  
a t  low Reynolcfs nlmberu? The second i s :  If these  pf:eno.mna cannot 
be ascribed t o  sca le  e f f e c t  how can such g rea t  va r i a t ions  of e f -  
f i c i ency  a t  f ixed val-ueu of Cp and V / d I  be coi.relate3 with tLe 
mmienti7u kheorj  of propulslon which, a 3 e r  a i l ,  h a s  f 'wnished f a i r l y  
reliabl.: lx i ica ' t ions  of the e f f ec t s  of design va r i a t ions  up t o  the  
p'L'e8errt, '3ut which f a i l s  to g iv3  any clue t o  the c a w e  of t he  
s o l i d i t y  e f f e c t s  i l l u s t r a t e d  by f igures  3r3 t o  32?  

The antiwer t o  t h e  first question i s  found i n  refi.rence 8 ;  com- 
parable  curve8 prepared from data  contained l n  t h a t  kaper a r e  pre- 
sented i n  f i gu re  33. While these f u l l - s c a l e  resnlts do not agree 
q i ~ s n t i t a t i v e l y  with those of t he  model t e s t s ,  the  qual- i ta t ive rc- 
l a t  ionsliips a r e  so s t , r ikin& similar as t o  preclude any- reizsonatle 
doubt of t h e  r e a l i t y  of the  phttnonena. Moreover, i r ,  seems probable 
t h a t  much of t he  quant i ta t ive  discrepancy may be l o g i c a l l y  asbrjbed 
t o  d i f fe rences  between the  forms of the  slJa.nks of t he  nodel and 
f u l l - s c a l e  blades; the  fo,mer were s t reani ined  whercas the  1rztl;er 
hsd c i r c u l a r  p ro f i l e s .  

While t he  bon3fi ts  derived from dva l  r o t a t i o n  pay I;? a t t r ibu ted  
t o  t h e  reduct ion cf r o t a t i c n a l  energy lo s ses ,  t h e  s e a x d  quest ion 
must s ' i -~ll  be answered with respect t o  the e f f e c t s  of s o l i d i t y .  I n  
each of t he  f igu res  30 t o  33 it is apparent that, t h e r e  i s  wlde 
divergence between t h e  e f f i c i enc le s  developed by p rope l l e r s  of 
var ious s o l i d i t i e s  when opera t i ix  st fixed values of Cp and V/nD. 
This  is qui te  contradictory t o  the  momentum theory which p red ic t s  
t h a t  when Cp i s  constant,  7 will depecd o n l j  u.pon V/nl). The 
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t5e:ret i c z i  re lTt ionship  i s  illustrated by th-e  curves designated 
"ld;al eff ic iency,"  o r  q i ,  i n  f i g i r e s  30 t o  33; it i s  dcr ivod  
fFom t h e  us-1 i e f  l n i t  1 on of "iwrncat m theory e f f ic iency"  

q" - 2$V" - - ---- 
1- 7 T 

5y  t h e  sl??lstitxtio;i of yF/V f o r  %, 111):/4 i o r  A,  2nd Cp 
f o r  -- arid can be reductd t o  t h e  fol-loving form F 

pn% 

, .- 

It is  now apparent that "disk power loading" i s  a very mrt-li.zblij. 
in?ex of p r o p c l l s r  Lf f i cic nc> 

The dapmdenco of ef'ficieiicy upcn FJlnde, rz t l ic r  than d i s k ,  
loadin3 I s  predictod , ho:cevsr, by bo-tl.1 JirnTle b I . a d ~  olzrncnt 2nd 
vortex thoories.  To test t h l s  pri.dic.t.lm, tiie curves of figl-rrc 34 
l ave  been Tre;arcd; they i l lv.st ;rztc tlie vnricttions of 7 v i t h  
v/~T) f o r  t h e  several types of propu'i1.e~ n 2 e r  condi t ions csf cquzA. 
b lndc  loaZi-, t h a t  i o ,  Cp,/E = 0.1 ( B  = n m b e r  of  b lades) .  It i s  
immcdiateiy apparent t l iat  the  discrepnncico bctwzen t h e  CLIYVOS f o r  
s lng le- ro ta t ing  propellers 4 1 3 ~ ~  biien gr;atly diminishzd. 
comeia t ion  is obt:iinc;d whm CWVSE! of 
35, Eff ic iency i s  thus shown t o  be nnmistaknbly cont ro l led  by blado 
loading w e n  though tho I.imiting, o r  i d e a l ,  va lue  i s  f ixed  by d i s k  

Evan b e t t o r  
? / q j  c',rc: F lo t t cd  i n  f i g l r o  

loading . 
I n  the l i g h t  of t he  fort:goi.ng conclusion, t h e  e f f e c t s  of 

s o l i d i t y  upon the  perromance c h a r a c t e r i s t i c s  of constant-spaed 
propel lers  are rear2ily axplainable,  Wlwn. t he  vclluea of Cp end 
V/nD 
force  a rciiiiction of t h e  blclde loading, S h c e  t h i s  cnn bo dons only 
by reaucing t h e  angles  of a t tnck  of t he  claments ar-d, thercforc ,  t h e  
blac?e angles, a n  introns;; of so l id i t ;  i s  necessa r i ly  nccomp:lnied by 
a reduction of p i t ch .  
s o l i d i t y  therefore  a t t a i n s  i t s  maximum ef f ic iency  r t t  a mzl lcr  n l u o  
of 
i.s the  case with f ixod-pi tch propel lora .  Tho improvement of e f f i -  
ciency with increasing s o l i d i t y  a t  small vnluas  of 
i . l a r lg  explainable: Since the  angles  of a t t a c k  under t h i s  condi t ion 
a r e  far g rea t e r  t han  th? t  f o r  maximum 
ments have the  smallest angles of a t t a c k  w i l l  develop t h e  g roa te s t  
values of T/F (F = elementary t angen t i a l  f o r c e )  and, s ince  V/rD 
is  f ixed,  w i l l  a t t a i n  the  highost vzlue of 

a re  f ixed ,  t h e  effect  of aZding more blades fs simply t o  611- 

The rel-nt,ively low-pitch p rope l l e r  of g r e a t  

V/riD than  does t h e  hfgher-pit,ch type of 1csst.r s o l i d i t y  - j u s t  as 

V/rD is  sim- 

L/D, t h e  propcll.er whose e le-  

7. 
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Figures 30 t o  32 show very c l e a r l y  t h a t ,  wi th in  t h e  range of 
these  tests, the  e f f e c t  of s o l i d i t y  upon t h e  maximum t f i ' i c i m c y  of 
a constaiit-speed propel le r  is r e l a t i v e l y  emall .  However, it is  
worth noting t h a t  when Cp = 0,3, the  three-blade propel le r  m j o y s  
an  advant8ge of about 3 percent whan compared with tho six-blade 
tj'pe, but t h a t  when Cp = 0.6, tho order of mer i t  5s reversed and 
t h e  values of mzximum e f f ic iency  d i f f e r  by 2 percent .  
t h i s  inversion is road l ly  traced back t o  the  envelopes of e f f ic iency  
veraus V/rD ( f i g .  1 7 ) .  Since the of'fect of iucrt.nsing s o l i d i t y  is 
t o  reduce the  value of V/nD f o r  qmsx, t he  three-blade p r o p d l e r  
develops maximum s f f i c i e n c i e s  a t  v a l u m  of V/nD which, when 
Cp = 0.3 t o  9.6, correspond t o  the  dec l in ing  (r ight-hand)  po r t ion  
of t he  envelope. As t he  number of blades is i n c r o u e d  t o  four 2nd 
thon t o  six,  the  corresponding rango of V/nD f o r  q,, movca 
progressively towzrd the left,, t h a t  I s ,  toward t h e  region i n  which 
t h e  envelope curves a r e  sube tan t la l ly  hor izonta l ,  Thus t he  mvcimum 
e f f i c i ency  of t he  three-blnde constant-speed propell.er 8ecrcuoes 
s t e a d i l y  a8 Cp 
type diminishes l e s s  r ap id ly  and i n  the  c m e  of s ix  blades  tho  vv.rI.- 
a t i o n  i s  p r a c t i c a l l y  negl igible .  

The cause of 

increases  from 0,3 t o  0.6, t h a t  of the  fmr -b lade  

I n  prcvious compsrisons of s ing le-  and d u a l - r o t a t i n g  propol lc rs ,  
a t t e n t i o n  has been focused upon tho envelope e f f i c j cncy  cirrvus be- 
cause, when no sp innwa werc used, these cwves  d i - r w g e d  so remrzrk- 
ab ly  as t he  p i t c h  became la rge ,  Tho bane f i c i a l  e f f e c t  of dual rot?- 
t i o n  upon t h e  t h r u s t  at  f ixad valuos of Cp ,and V/nD has bson evi-  
dent i n  the  r e s u l t s  of two previous Stanf'ord inves t iga t ions  (reference 
1 an2 2)  but t h i s  has not been s p e c i f i c a l l y  d is t lnguished  from the  
general- improvemcnt of e f f ic iency  which was charsctor ized by the 
marked elovat ion of t h s  envelope. The f i r s t  t e s t s  of tho tandom 
arrangement made with spinners ( refcrencc 8)  imolved  fu l l - sc r i l e  
blades with round shsnks and thc r e s u l t s  indlczti:d t h a t  t he  advan- 
tages  of duzl r o t a t i o n  wero very s l i g h t  as regards peak e f f ic icncy;  
however, a t t e n t i o n  was ca l led  t o  the  aiiguentation of t h m s t  a t  re- 
duced values of V/nD. The form of' p rcsanta t ion  of tho r e s u l t s  of 
t h e  present  experiments makes it convenient t o  examine the e f f i -  
ciency of dua l - ro ta t  ing propel le rs  throughout the  ueeful range of 
V/nD 
done for obvious reasons. 

under conditions of' constant-speed opernt,ion and t h i s  w i l l  be 

The net  e f f e c t  of subs t i t u t ing  dual  rotatloxi f o r  s ing le  rota- 
t i o n  is c l e a r l y  apparent; i n  figure8 30 t o  32; wi th in  the  range of 
Cp covered by these  curves, it is a general  improvement of o f f i -  
ciency which is r e l a t i v e l y  small a t  the  peak but much g rea t e r  a t  
reduced values of V/nD, It w i l l  a l s o  be noticed t h a t  tho  magnitude 
of t h e  im-povement increases  with both s o l i d i t y  and pwer coe f f i c i en t ,  
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The source of t h i s  improvement is, of course, indicated i n  a 
general  way by momentum theory. 
c rea t ion  of axial momentum, the  conversion of r o t a t i o n a l  momentim i n t o  
axial  momentum results i n  a corresponding increRse of t h e  th rua t  ob- 
ta ined w i t h  n given power input.  However, more d e t a i l e d  informo,tion 
can be obtained from f igu res  9 t o  12. By comparing t h e  CLWVUS which 
correspond t o  s ing le-  and dua l - ro ta t ing  propel lc rs  of equal s o l i d i t y ,  
it. w i l l  be found t h 2 t  a t  equal blada anglos both the  power snd the  
t h r u s t  a r e  augmented by the  use of dual  r o t a t i o n ,  

Since t h r u s t  is  produced on1.x by the  

Tho reasons f o r  t hese  increases  of t h r u s t  and power w e  not d5.f- 
f i c u l t  t o  find. 
the  six-blade dual . r o t a t ing  propel le r  w i l l  be s u b s t m t i z l l y  equzl t o  
t h a t  f o r  tha six-blade siwle - r o t a t i n g  type because t h e i r  t h r u s t s  are 
near ly  equal, 
stream precludes much change of axial ve loc i ty  between f r o n t  and rear  
members of the  tandem combination.) 
ve loc i ty  in  tho plane of the forward member of t h e  p a i r  w i l l  be l i t t l e  
more than  one-half as g rea t  ns tho  corrcsponding quant i ty  f o r  the  six- 
blade s ing le - ro t i t i ng  model because t h e i r  torques have npprox:Jn::?tcly 
t h a t  r a t i o .  
former exceod those of the l a t t e r  and the  t h r u s t  2nd power p.2r bl:lds 
are correspondingly increased. I n  the  c m e  o r  thtj  r e a r  member of tkc 
tandem pai r ,  t h e  torqae is known t o  be subst.zntial.ly equal t o  t h a t  of 
the  forward one. A n a  because t h e  rosu l t an t  v e l o c i t i e s  o f  corrospondlne 
members of the  t w o  have p r a c t i c a l l y  equal mtgnitudes, t h e  eqir-.l.ity of 
torque implies approximato equal i ty  of t h e  ef 'fectivo anglos of' a t t x k .  
This is possfble,  desp i t e  t h e  incqual i ty  of b h d e  angles ,  bocause thr.: 
tangential  ve loc i ty  produced by the  act-ion of tho forward mem.bcr must 
l a rge ly  n u l l i f y  the  self-induccd t angen t i a l  ve loc i ty  I n  t h e  p 1 . a ~  cf 
t h e  mar one and, f o r  t h e  reasons givcn i n  tho  following paragraph, 
t he  r e s u l t  is t h a t  the l a t t e r ' s  t h r u s t  i s  even g r e a t s r  than th* i t  of 
the  forward member, Thus the  torquea and thrusts of both members of 
the  tandem p a i r  exceed ha l f  of tns correaponding q u . m t i t i e s  f o r  thi. 
comparable s ing le  - r o t a t  ing type. 

A t  3 given value of V/nD, thc: axial  ve loc i ty  through 

(It may bo noted t h a t  the  slow cont rac t ion  of t he  s l i p -  

However, t h e  induced t.zngcnti2.l 

Therefore the  angles  of a t t a c k  of the  cloments of t he  

The increase of e f f ic iency  with f ixed  values of Cp and V/nD 
is  a l s o  rertdily explainable withjn the  range of uns ta l lod  operat  ion. 
For t h i s  purpose it w i l l  be ccnvenient t o  rephcc, t he  forces  on a blade 
of t h e  forward member of a tandem p a i r  by those whi ch nc t  upon a "rep- 
resenta t ive  element" and to do the same for one blade of fi comparrible 
s ing le- ro ta t ing  propellel.. I n  considering these  fo rces  it must bc 
rzmembered t h a t ,  i n  two-dimensional motion, t he  r e l a t i v e  force  vectors  
f o r  a conventional a i r f o i l  maintain a substant i .3l ly  f ixed  incl.in3tjon 
with rospect t o  the  r e l a t i v e  wind d i r e c t i o n  throughout t he  uscl"ul rmgb  
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of CL. (See reforanco 9 , )  
t i o n  causes a reduct ion of t h e  induced angio of a t t a c k  whlck; mrxqcztis 
t o  a given biade power loading, the i n c l i n a t i o n  of tho  r e l a t i v e  wind 
w i t h  r e spsc t  t o  tho  pl.ans of ro t c t ion  and t h a t  of ,  t h e  r e s u l t a n t  fo rce  
vector  t o  the  axial d i r ec t ion ,  must be correspondingly reduced. The 
r e s u l t  o f  th.j r o t a t i o n  of the  force vector  is, of course, t o  augraent t h e  
ra++io TIT? and, therofore ,  t o  improve the  e f f ic iency .  The svnc cx- 
plana t ion  holda f o r  tho rew member of t he  tz.r$c:m p a i r  and tho  Inpovc-  
men% i n  t h i s  case is further augmmtod by the inf lnencc cf tho  f'crw-,rd 
prcpall-er . 

Now, sincl-. t ho  in t roduct ion  of d u d  rot?- 

Under t h e  conditions of s t a l l e d  opi;ratI.on, the  dj.rc:cticn of t h e  
r e s u l t a n t  f w c c  on n representat ivo t71.cmc;nt I s  practir ,al . iy that of  a 
perpendicular Do t h e  chord, thit is, when the wind d i r e c t i o n  is f ixed,  
t h e  vector  r o t a t e s  with t h e  prof i le .  (Soe rofaronce 10.) The supsr- 
p o s i t i o n  of t h i s  e f f e c t  zpon t h e  one dnacribed i n  t h e  p rccod iw parz- 
graph cacses tho ixprovement of e f f ic iency  due t o  t h e  t.mdem arrmge- 
rnent t o  bc: aLgmentc;d as V/nD i~ reduced. 

Fur ther  evidence tending t o  snbs tan t ia to  the  hypothesis t h a t  in- 
duced tangent ia l  ve loc i ty  i s  thc  yr inc ipa l  f a c t o r  which coli trols tho  
e f f i c i ency  cf hi.&-pitch propel.lors I s  found i n  tho f a c t  t h a t  the powr  
absorbed by the  forward c,embt.r of the  tll.x-bladc d u d - r o t z t i r g  ccmbi- 
na t ion  is subs t an t i a l ly  o q m l  t o  that of the  i so l a t ed  three-bl?ds pro- 
p e l l o r  when both have the  same blade a n g l o  and operato a t  t h e  some 
value of V/nD. This re la t ionship  is  not s u p e r f i c i a l l y  appzrsnt  sine:; 
t h e  v s l w s  of Cp 
twice those for t h e  three-biado propel lor  a t  a l l  but the highest  valw2 
of V/nD, 
ward members of the  tandem pair aro not  equal at reduced val.ues of 
V/nD and, when vnluos of Cp ( r , h . )  a r e  tal-culated from the  trtbular 
d a t a  ana c c q a r e d  with those for  the i s o l z t s d  thma-blade  propell.er, 
it is found t h a t  t h s  d i f fe rences  are ncgligiblc: un t i l  ~ O C ~ ~ T ~ B B  

r e l a t i v e l y  small. 
becomes d is t inguishably  larger than t h a t  f o r  tho  forwcrZ menber of t he  
dua l - ro ta t ing  combination. This apparently indicntos  t n a t  t h e  dif- 
ference between tho  axial t icl .ocit ies i n  these two castis hzs a prxc- 
t i c a l l y  negl ig ib le  e f f ec t  r,t all b u t  smcrl l  vslluos of' 
fu rn ishes  convincing evidence of tha v a l i d i t y  of cnc, of the fund.Tac.nts1 
concepts of t he  vortex theory of propel le rs ,  tht  is, th3.t no ups t r s .m 
r o t a t i o n a l  flow is  induced bx a propel ler .  

f o r  t h e  s i r -blade dua l - ro ta t ing  typ3 are mwe t h m  

Eowever, t he  power coef f ic icn ts  f o r  t h s  f'crwrrd and r am-  

V/nD 
Then the  power absorbed. by t he  throe-blade propellor 

V/nD. It zloo 

Bof o re  concluding t h i s  discuseion of so1i.d I b y  and d x d  rotat!  on, 
f u r t h e r  a t t e n t i o n  should be given t o  tha  envtlope cixr-mo of f jguro  27. 
Theso curvcs s'mply show tho severe l imi t a t ions  vhich lcw s o l i d i t y  2nd 
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, 

I n  seeking an explansttior, f o r  t h i s  somLwhat s*mpr i s lng  r e a d t ,  
i t  is  worth remanbering t k t  the elcmcmtary vortex theory' p red ic t s  no 
i h ~ t  o i  ef'ficiencjr with num5ey of blades 80 loL% as s o l i d i t y  rexmins 
inial';ci-cd. To bt, sure, thG necGE;sity for mall " t i p - l o s s  cor rec t ions ,"  
whioli dcpen0 q o n  t h r  number of b l ~ d c s ~  is  reccsnizcd,  but t h e  an?lysvs 
of PranrFtl and Goldstzin (rci 'crcncz 11) ind ica tc  t h a t  e f f i c i ency  will 



19 

I .- 
improve as t he  number of blades increases and that t h e  magnittde of 5;he 
improvement m y  be expected t o  incrdase with 
s u l t s  appear t o  r e f u t e  both of these predict ions.  

V/nD. Tho preeont rc- 

It appears t o  t h e  writer t h a t  t h e  observed e f f e c t s  of cll torinz t h e  
number of b lades  upon tho. t h r u s t  and power i n  uns ta l lod  operat ion z t  c? 
fixed-blade s e t t i n g  3re in  accordance with c e r t a i n  b-isic concepts of 
vortex thcory.  The pr imi t ive  fcrm of t h a  so-callc;d vortex th2or;r of' 
propell.i?rs assimco an i n f i n i t c  nmber  of blades and r c l a t c s  t h e  induc-d- 
ve loc i ty  componants t c  the to t z l  t h rus t  m d  torque. I n  r c d l t y ,  how- 
ever,  t h c  induced v i l o c i t i o s  are c o n t r o l l d  h i  t h e  a c t u a l  vo r t i cc s  i n  
tho  wzke snd t h e i r  vnliies at points  of s gFvon blzdc w i l l  obviously be 
more influenced by t h e  vortex sheet of t h a t  blade than  by those of t h e  
o the r  blades.  
of a givcn b'l.a.de be increased - as i o  thc c:'se when th,  bladr: i u  
widened - t ho  induced v s l o c i t i e s  at thr: po in t s  of th:xt bladi. :r~ nccua- 
s a r i l y  corrcspondingiy augmntcd. Now, sjnct, t h e  i n d u c d  ve loc i t i . , s  
rerlucc t h e  e f fec t ive  nnglc of 3ttnck when t h c  t h r u s t  i s  pos i t i ve ,  it 
would s e u m  t o  follow l o g i c s l l y  t h a t  increasing t h c  width of il, blzdo of 
given p i t c h  angle must raduce t h e  t h r u s t  and power cocfy ic iunts  BO l ong  
as t h e  blade elcmcnts remain unstalled.  

Therefore,  if th; s t rength  of t he  vo r t i cds  i n  t h e  w-,kc 

The r eve r sa l  of t h e  scnse of tho t h r u s t  and powzr d i f i ' o r . n c s  2 t  
(with fixed p i t c h )  is  probably t h c  rJeu'lt cf reduced values of V/nD 

a a m l l e r  por t ion  of t h e  wido blade being s t a l l e d  thrzn i 3  thc  C'LOO with 
t h e  narrow one. It appears thrtt t h i s  ccndi t ion  must p r o i ~ t i l  i f  t hc  in- 
duced angles o-- a t t a c k  increas,. w i t h  bl-ndc width. I f  st?lLlc,d flow ex- 
tends  f a r t h e r  out on t h  narrow blades t h n  on -the wldc ?ILES, tho i'orces 
a c t i n g  iipsn t h e  wido-biade propi:l.lsr will, n?tural  l.;~, 1. ; gre:.. ter . 
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P c c u l i c r i t i e s  of four-blade propzl le rs .  - The envolopo cff ic icncjr  --_---- -I--_- -_- 
curvLs of f i gu re  1 7  i nd ica t e  t h a t  four-blade propc l l e r s  of both sijlgle- 
and aua l - ro ta t ing  types experience gr;atcr losses of m?ximum e f f ic iency  
with incrczsing p i t c h  than do t h e  corres2ofiding s ix-blade modela. This  
charzct  , r i a t i c  might be ascr ibed t o  a more pronounced nonunlfoini ty  of 
d i s k  l o d i n g  if it werL not f o r  t he  f a c t  thtiat thc  envelope f o r  th, 
thrcL,-.blcde s i n g l ~ - r o t a t i n g  propel1,r is  f l z t t L r  thzn  that f o r  thc: corn- 
parable four-blade one. Khcn it j s  notel! t h a t  thc  in t roduct ion  of dun1 
r o t a t i o n  a i w e n t s  thL maximm e f f i c i ency  of both four-  and six-bl-dc 
p rcpc l l e r s  by amounts which n rz  approximztcly t r i p lL ,d  a3 V/nE in- 
creas3s from 2 t o  4, one might suspcct thn5 t1,c tlpgclrcnt pccul ia r i l j i  
had i ts  root i n  t h e  deiclopmmt of inconsistL1itly high cff  i c i enc ic s  by 
e i t h e r  the thred- o r  both Eix-bhde modclc. Howevbr, t h i s  suspicion 
socms t o  be unwarrantd bec,tuse t h e  cnvclop,s  f o r  t h e  throe-  2nd six- 
bladc s ingle- ro ta t ion  modcls are, as might bc expected, f a i r l y  uniformly 
scpsrated throughout t h e i r  lengths .  

The ccuss o l  t h i s  zppnrunt inccnsis tency minst  thr;rc:fore bi: l o f t  t o  
conJccturc: - Cor tho  presen-;.,, as l e a s t  - buc  r c c m t  reports  of u n u s w l  
v ib ra t ion  ir, fo!ir-blade p rope l l c r s  and thc  hypothesis t h a t  i t s  c?,usc 
may be  traced t o  th;. geomotry of tho  vortcx sgstom m23- wnrrant f i x t h o r  
investigrit ion of  t hc  p c c u l i n r i t i e s  pointcd c u t  hr;r.e. 

CONCLUDING REMARKS 

The r e s u l t s  of t h i s  inves t ig2 t ion  iridiczt,,  t h n t :  

(1) Spinner d i -mi t e r  i s  not c r i t i c a l  when t h e  propc211er blt?d:s 
have fa i red  shctnks, but smnll i r n g u l a r i t i c s  cf form et tho  G l a d G -  
spinner  junctions may havl: s x i o u s  advcrs; c f f c c t s .  

( 2 )  Thi. boncf i t s  d c r i v d  from t h e  usi of  sp inners  incrbo.so with 
p i t c h  and arc grcq-tcr for s inglc-  than f o r  duz1-rotclting prop8J lGrs .  

(3) ~ h c :  of f ic icncy  versus  V / ~ D  curvcs f o r  constmt-specd pro- 
p o l l o r s  hr?ve much f lz t t , r  pcaks than  those f o r  tht. f ixed-p i tch  typG; 
thGy a r c  p r x t i c z l l y  r o c t  i l i n e n r  throughout t he  low- speid rmge 2nd thi, 
curvos which comespond t o  n r i o u s  pcwm cocf fi c ion t  s dL f im,  for L x h  
type of propLller, a highly s i g n i f i c a n t  invelops.  
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(4 )  Increasing s o l i d i t y  by incrossing t h e  number of blade3 w i l l  
enable taku-off and climbing p e r f o m n o e  t o  bo g r c z t l y  improved with- 
out scr?ous l o s s  of high s p e d .  

( 5 )  Undor pr;sont dosign conditions,  tindem p r o p d l c r s  ' L r G  only 
s l i g h t l y  suporior t o  conventional on33 of equal s c l i d i t y  as r z g - r d s  
high-spucd performnce but they offor  mrked  advantages i n  tr?!cc-off 
and climb. ThJ i r  supe r io r i ty  under a l l  condi t ions w i l l  increasr, ::a 
larger values of hp/D" are used. 

(6)  Reducing t h e  nuxnbor of bladoa j n  z constant-speed pi-opel1c.r 
of given s o l i d i t y  has 3 negligible e f foc t  upon the  r n z x i m m  of f ic icncy  
but  a bcne f i c i a l  one upon low-specd e f f  icioncy. 

( 7 )  B'adc powor lozding (Cp/no. cf b1zdc.s) is  7. far bcttei-  
indcx of propel lor  of f ic icncy  thnn is  d i sk  power lozding ,  Cp. 

I n  view of these -finding;s, it is suggbstud t h a t ;  p r c p e l L r o  of 
high so l id ' l tg  o f f e r  most o? tlic ?,dsrant,nges hcrb tcfor \ :  obt-,indd b;- in- , 
c r m s i n g  d i m c t c r ,  2nd t h e i r  us{. i u  rocommtndcd "a- th  improtrcm,n-L 
of t ake -o r f  and climb. It is poinLd out tl:zt th,y prcm!w oconomLn 
of weight and 13nding-gear height and thZkt thoy are p a r t i c u l a r l y  
s u i t a b l e  f o r  us3 with two-speed drivzs.  R t ton t i cn  i s  also c:-..llod t o  
the  now clear12 establ ishcd super ior i ty  oi' thc: iandGm, o r  d r d - r o t z t  Icn, 
arrangiment. 
mlxch g r e z t e r  than t h a t  jndicated by ordinary on-wlopi: Lff i c i m c y  CLU'VCG 

that ea r ly  incorporat ion of such p r o p d l o r o  i n  high-pow,rd,  high-cp-ud 
nirplanos would seem imporativc. 

U n d c r  condition8 of const-irit-spbdd opcratiori, thic:  iz s o  

Stanford University,  
Stanford Univcrnity, Calif. 
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Blade form curves. 
Typical t e s t  resu l t s .  
q vs. CQ - (6)S, a and b. 

V/nD - (6)Sa - ( 4 ) ~ a  
I1 W N - (6)Da - ( 4 ) D a  - (3)sa 
n If 11 - (3)Sa (E1 blades) 
It I1 I1 " - (2)Sa (En blades) 

r) VS. V/nD - E blade propellers w i t h  and without spinners, 
Envelope efficiency curves - from f igure  16. 
Construction of q vs. V/nD curve - constant speed propeller.  

vs. V/nD - (6)Sa :m n - (4)~a 
n - (6)Da 

I1 If - (3)sa 
11 I t  - (3)Sa (Et blades) 
I1 If - (2)Sa (Et1 blades) 
Figure 20 transposed t o  Cartesian coordinates. 
Envelopes of CpT vs. V/nD corresponding t o  f igures  19-23. 
Chart f o r  evaluation of Cp. 
Chart f o r  evaluation of allowable t i p  speed. 

cPsnCT yd 9 v:o 11 
I t  

11 W W N  W 

N I1 w I1 I1 
I1 

I t  

N 

I1 I1 ' - (4 )Da  

and r) VS. V/nD f o r  E-blade models, Cp = 0.3. 
W I1 cp = 0.4. 'PT n It  I1 n n 11 

11 n 11 n Cp = 0.6 I1 n 11 n 

I( 11 n n f u l l  scale  propellers,  Cp = 0.4. 
CpT/B and r) VS. V/nD f o r  E-blade models, Cp/B = 0.1 

Cp, CT and q VS. V/nD - (3)Sa and (2)Sa (En blades). 

n n  n n m I1 11 tl/.I, 
and q VS. V/nD f o r  wide-blade models, Cp = 0.3. 

n n 11 11 cp = 0.4 
PT 
II n n II n 

n lI n n 11 I t  N 11 I Cp = 0.6. 



HAOA 

CP 

).0914 
.1369 
.1669 
.1942 
-2177 
s2389 
-2587 
-2766 
a2880 
e3003 
.3077 
.3198 
.3208 

.3249 

.3290 

.3343 

.3372 

.3408 

.3219 

Iader, Table  1 

ll 

0.428 
-682 
.752 
.804 
.818 
.824 
e 8 1 7  
e804 
s790 
-772 
.740 
-673 
.622 

.521 

.470 

.419 

.368 

.313 

0574 

I .  

~~ 

1.0955 
.1290 
,1635 
.1942 
,2150 
.2379 
.2560 
.2727 
,2887 
.2986 
.3095 

-3213 

.3244 

.3295 

.3339 

e 3 1 8 8  

e3226 

3372 
a3411 

a 

0.314 
.654 
.755 
.807 
.819 
.829 
.820 
.812 
.789 
.770 
.738 

,620 

.523 

.469 

.418 

a679 

.575 

-369 
e305 

TABLE NO. 1 

Six-Blade Prope l l e r  Small Spinner 
p = 350 P l a i n  Blade Roots 

v/nD 

1 648 
1 . 589 
1.514 

1.380 
1.307 
1.241 
1 . 167 
1 . 088 
1.021 

.955 

.894 

.816 

.760 
:6@9 

1.436 

618 
551 
487 
402 

CT 

,.0181 
.0530 
.0815 
1091 . 1275 
1508 . 1693 . 1899 . 2092 

.2252 

.2390 . 2422 

.2440 

.2442 

.2461 

.2501 . 2539 . 2558 . 2588 

Tes t  NO. 1 Test  No. 2 

V/nD - CS - 
2.636 1.640 
2.396 1.583 
2.176 1.509 
1.993 1.444 
1.876 1.374 
1.742 1.297 
1.628 1.234 
1.515 1.162 
1.395 1.092 
1.312 1.020 
1.210 959 
1 126 . 889 
1.026 .819 

,954 .757 
.864 .688 
.773 .620 
.687 .552 
.606 . 484 
,499 .414 

CT - 
1.0237 

0832 
.0590 . 1082 
.1297 
.1518 . 1915 . 2082 
2273 
2374 . 2419 

.2437 

.2444 

.2461 

.2493 

.2536 

.2566 

.257& 

1711 

CS - 
2 662 
2.359 
2.160 
2.010 
1.865 
1.726 
1.618 
1 504 
1.401 
1.298 
1.216 
1,118 
1 029 

950 
-861 
.776 
688 

.554 
473 
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XMA Tables 16,17,18,19 
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.1755 

.1993 

.2235 

.2566 

.2829 

.3067 

.3252 

.3315 

.3320 

.3300 

.3296 

.3259 

.3215 
-3195 
-3174 
.3152 
.3155 

0.6420 0.0237 
.6965 .0158 
,7390 .OOW 
.7990 .0028 
.e415 - .0034 
.E720 - .0119 
.9WO - .0158 
.9080 - .0275 
.go15 - .0403 
.8855 - .0532 
.e785 - .0529 
.e615 - .0503 
.e465 - .0511 
.a415 - .0512 
-8375 - .0545 
.E375 - .0526 
.84W - -0496 

1.912 
1.791 
1.668 
1.560 
1.437 
1.319 
1.202 

.3292 .e845 - .0536 .712 1.960 
,3248 -8673 - .0498 -678 1.845 
.3205 .8518 - .0528 ,628 1.723 
.3186 .e426 - ,8506 .590 1.615 
.3172 -8460 - -0519 .539 1.487 
.3139 -8422 - .OS29 -491 1.365 
.3141 -8417 - -0505 .440 1.244 

NAQA T A B U  NO. 20 

Slx -B lade  Dual Rotation Propeller 
8, = 4so t, = 43.80 Plain Blade  Root. 

Small Spinner 

Test No. 50 Test No. 61 

cs CP 

5.164 2.293 0.0750 
2.891 2.201 .lo84 
2.702 2.089 .1476 

.e432 

.3086 

.3680 
4070 

-4470 
.mls 
.6115 
-6355 
,5555 
.5671 
.5705 
.5725 
.5765 
.5790 
.5875 
,5930 
.5990 
.6085 
.6200 

0.0172 0 688 
.00821 :780 

2.490 2.001 .1725 
2.341 1.8021 .2030 

- .0137 841 - .01771 :794 
1.673 1.4461 -2988 - ;02?3 .762 - .0338 .716 - .0342 .659 - .0378 .628 

._.__ 
1.550 1.353 .EO20 
1.456 1.238 .3050 
1.357 1.171 .EO91 
1.250 1.076 .3122 - -03641 -580 
1.148 .9661 .3177 - -0372 .522 - ,0382 -482 - ,0426 .434 - -0421 -368 - .0420 .324 

.~ 
1.033 ,886 .3224 

,939 -794 .3276 
.857 .6851 .3327 
.727 .596 .3371 

-846 . ~ s 1  .3238 .mil .5940 16014 

-660 .3332 .6120 
.582 -3360 .6210 .639 

TABLE NO. 21 

Slx-Blade h e 1  Rotation Propeller 
p, = 650 p, = 53.1° Plain Blade Root8 

Small Spinner 

Test No. 54 

'T I 'P I "P v/nD - 
3.030 
2.938 
2.840 
2.690 
2.562 
2.448 
2.326 
2.210 
2.095 
1.960 
1.865 
1.725 
1.600 
1.499 
1.381 
1.235 
1.140 
1.009 
.914 
.778 

CS - 
3.309 
3.170 
3.019 
2.819 
2.654 
2.519 
2.373 
2.254 
2.137 
2.007 
1.915 
1.777 
1.654 
1.553 
1.432 
1.281 
1.181 
1.043 

.946 

.a02 

rl - 
.e26 
.e41 
.a59 
,864 
-862 
.e61 
,841 
.807 
.772 
.731 
.699 
.644 
.608 
.570 
.523 
.465 
.428 
.374 
.336 
.284 

2.783 .2369 .7658 .0696 ;861 2;939 
2.636 .2674 .el80 .OOOO .862 2.741 

2.392 .3l37 .8860 .0090 .e47 2.447 
2.5221 .29i9 1 .e5alz .0028/ .e59 1 2.598 

1.0911 .3156 I .84881- .04851 .406 1 1.128 
.3106 .e490 -0543 .362 1.022 :::'!I .Jog1 I .85221! .06131 .307 I .874 

.697 .3115 .e693 ,0732 .250 .718 

-3130 .e460 - .0495 
.3102/ I8425 I- .0588 
.3120 ,8560 - .0678 

TABLE NO. 22 

Six-Blade Dual Rotation P r o p e l l e r  Small Spinner hH = 65O pLH = 62.5O P l a i n  Blade Roots 

Test. No. 61 ___- 
V/nD I CT CP CS - 

3.805 
3.623 
3.470 
3.294 
3.130 
2.975 
2.867 
2.739 
2.600 
2.461 
2.323 
2.209 
2.074 
1.934 
1.784 
1.618 
1.169 
1.359 
1.139 

.985 

ACP 

t0.0354 
.0193 
.0107 
.oooo - .0128 - .0300 - -0500 

1.532 
1.585 
1.611 
1.643 
1..651 
1.641 
1.618 
1.565 

1.400 
1.320 
1.266 
1.197 
1.181 
1.114 
1.085 
1.070 
1.064 
1.063 
1.078 

1.482 

4.145 0.3139 
3.980 .1420 
3.820 .3630 

1.531 0.0347 0.850 
1.590 .0225 .ti56 
1.615 .0107 .950 
1.639 .0000 .E59 
1.655 -.0118 .855 

1.614 -.Ot9l .EO9 
1.567 -.0617 .776 
1.489 -.0757 .737 
1.416 -.0743 .695 
1.334 -.0730 .646 
1.267 -.0606 .600 
1.101 -.Of379 .535 
1.144 -.0594 .487 
1.115 -.0593 .445 
1.088 -.0639 .396 
1.071 -.0648 .352 
1.066 '.0640 .314 
1.063 -.0616 .275 
1.073 -.0628 .228 

1.645 - . o w  .a38 

.858 
,856 
.e54 
.836 

3.6361 -3870 5.300 
3.1.35 
2. gee 
2.850 
2.730 
2.602 
2.474 
2.297 
2.194 
2.063 
1.922 

1.192 

. _ ~ ~ ~  .~~ 
3.470 .4075 
3.300 .4172 
3.134 .4165 
2.990 -4070 

.e13 

.'179 - .0653 - .0765 - .0760 - .0778 - .0710 - .Of377 - .0530 - .0641 - ,0685 - .068Z 

2;812 ;3900 
2.650 .3715 

2.300 .3307 
2 . ~ ~ 1  .3493 

,733 
.694 
,642 
.605 
.54a 2.1311 .e966 . ~. 
.518 
.447 
.394 
.345 

1.975 .E819 
1.810 .E747 
1.658 .2600 
1.515 .2493 - . O M 0  -315 - .0640 .264 - .0667 I .229 



v/m 

1.646 
1.580 
1.506 
1.- 
1.368 
1.300 
1.227 
1.162 
1.086 
1.018 

.955 

.e87 

.836 

.752 

.683 

.626 

.568 

.4B3 

.420 

CT 1 cp 

0.0318~0.0860 
.0623 . lo93 
.0740 .I336 
.09221 .1648 
.lo90 .1718 
-1241 .1894 
.1390 .2006 
.1644 .el34 
.1686 .2222 
.1799 .2317 
.ME6 .2390 
.I960 .2451 
.1985 .2501 
,2017 .264l 
.2043 .2593 
.2047 .2606 
,2093 .2660 
,2142 .2673 
.2l83 ,2732 

v/nD 

2.321 
2.240 
2.151 

1.947 
1.864 
1.762 
1.785 
1.674 
1.680 
1.483 
1.384 
1.29'2 
1.140 
1.206 
1.020 

e836 

-668 
e664 

2,056 

-932 

-766 

CT cp 
0.0408 0.1491 

.0670 . l961  

.OB68 ,2285 

.1290 .2912 
-1460 ,3172 
.1663 .3390 
.1(160 ,3582 
.1799 ,5663 
-1908 .3706 
.1974 ,3772 
e2002 ,5790 
-2007 .3843 
.2060 a3846 
,2042 ,3821 
.2095 -3861 

-2162 -3909 

,2196 .4073 
-2206 .4169 

-1070 -2607 

,2122 .SO96 

.2176 .3977 

+0.0139 
,0099 
,0076 
.ma 
,0044 
,001'7 
,0000 - .0003 - -0024 - .0051 - e 0 0 8 8  - .OX32 - ,0129 - -0126 - .O.lSB - ,0122 

0.635 
.785 
.e17 
,844 
.864 
.E56 
.ow 
,980 
,845 
.8i4 
-776 
,731 
-673 
.608 
e643 
.554 

- .0148 - -0152 - e0161 - e0161 

.C81 

.419 
,356 
e298 

TABIS NO. 23 TABLII NO. 24 Table. a3,24,aS,26 

Toot No. 88 

ACP - 
M.0299 
+ . O M 1  
+ ,0386 - .0032 - e0150 - -0235 - ,0663 - .n702 - e0814 - e0749 - ,0758 - .om0 

CP ---. 
1,551 
1.668 
1.622 
1.584 
1.662 
l.bE4 

x.574 
1 . 4 6  
1,406 
1.334 
1.268 

; . a x  

8,0211 0.641 
.Ol40 .768 
.0110 -829 
.m55 .e55 
.0017 .e66 T .0048 .E71 

4.115 0.3236 
3,965 .A4236 
5.322 ,3102 
3.3s1 .SB59 

2.480 .4135 
2.ic4 .38J2 
2.6S'i ,5136 
e.401 ,2547 
2.3001 .3329 

2.690 

2.510 
2.168 
2.040 

1.782 
1.664 
1.580 
1.450 

t ar .730 a.46a 
,658 2.Z-22 
.604 2.182 

Pour-Blade m a l  Rotetlon F m p e l l e r  Small Spinner ern = 350 pLH = 3 4 r 3 O  ' I P b t  Blade Roots 

Tea t  No. 41 

08 - 
2.688 
2,483 
2.258 
2 " 080 
1.936 
1.810 
1.692 
1.585 
1.466 
1.362 
1.271 
1.175 
1.104 

.B90 

.592 

.e17 

.710 

.629 

.546 

c13 - 
2.6W 
8.348 
2.1e1 
2.014 
1.878 
1,764 
1.645 
1.524 
1.424 
1.323 
1.220 
1.139 
1.046 

,935 
.84e 
.759 
.685 
.586 

ACP 

+0.0022 
.0017 
.0016 
,0009 
.OW6 
.oooc - ,0011 - -0024 - ,3029 - ,0037 - .004c - -0266 - ,0088 - .01m - e0104 - .0100 

rl 

0.609 
.766 
,836 
.803 
.e61 
.852 
.E50 
-042 
.E24 
.781 
.754 
.70Q 
.666 
.596 
.b36 
.489 

- 

- .0013 ,887 - .oOOS -869 - .SO18 -845 - a0026 .BSB - .00a .e20 - .0037 .?a3 - .0%1 ,753 - "0080 .me - .0096 .631 
" .0100 ,608 - .01W -616 - .0102 .465 - .0104 ,422 - .a108 -362 

- .0104 .447 - ,0107 ,387 - ,0107 I a336 

TABU 80. 26 

Four-Blade Dual Rotation Propel le r  
pRII - 45' ern - 43.E0 P la in  Blade Root8 

h a l l  Spinner 

T e s t  No. 38 Teat  NO. 39 

CS -- 
3.396 
5.100 
2.888 
2.690 
2,482 
2.349 
2.190 
2.181 
2.060 
1.916 
1.806 

1.661 
1,380 
1.MC 
1.231 
1 "12t  
1.W8 

.922 
.788 
.671 

1. 

1 
0.0119 

.0109 

.0085 

.0064 

.0041 

.0024 

.0012 - .0012 - .0054 - -0111 - . O l 3 6  - .0115 - a0129 - -0115 - .0121 - ,0122 - -0129 - e0114 - . 0 1 a  



IMA 

v/nD 

TABU MO. 27 

cT 

- 
2.959 
2.883 
2.774 
2 632 
2.507 
2.408 
2.275 
2.156 Four-Blade Dual Rotation Propeller 2.044 

= 550 pLH - 53.10 1.912 
1.7S8 

Mall Spinner 1.890 
1.557 
1.476 
1.350 
1.215 
,996 
,881 
e782 

Plain Blade Roots 

ACp 

0.0636 
,0498 
.0456 

.0220 

.OX32 - ,0011 - .0134 - ,0205 - .0226 - ,0242 - ,0302 - ,0275 - .0346 - e0289 - e0311 - .0270 - -0195 - e0205 - .0218 

e0325 

TAB1 

r) 

0.706 
.e02 
.005 
e816 
.824 
.E15 
.799 
,775 
,724 
.687 
.656 
.597 
,551 
.491 
,449 
e390 
.344 
.314 
,277 
,243 

Test NO. 44 

CP 

1.010 
1.048 
1.070 
1.085 
1.082 
1.080 
1.062 
1.020 
-965 
-913 
.e62 

l .026 
e761 

~ .752 
I -723 , -709 
-697 
.696 
.700 
,702 

,1735 .5428 
-1933 .6687 
.2033 .5840 
.Z?.38 .6015 
.P167 .6013 
,2161 .5930 
,2144 .5799 
,2103 .5635 
.9101 .5596 
42079 -5552 
,2062 -5486 

,2057 -5494 
.2C54 ,5460 

NO, 20 

ACp r) 

0.0847 0.794 
.0445 .e12 
,0374 -822 
.C297 -830 
e0074 ,829 
.0021 .E10 - ,0107 a796 - -0205 e773 - e0222 -716 - SO266 e676 - -0233 ,629 - .0201 -585 - ,0351 e517 - e0276 .490 - SO300 ,435 - e0190 ,374 - 60179 ,337 - .0200 .303 - .0147 .271 - ,0169 e222 

I 

4.127 
3.950 
3.810 
3.623 
3.430 

3.138 
2.968 
2.790 
2.628 
2.447 
2.290 

1.991 
1.815 
1.642 
1.500 
1.345 
1,205 

3.280 

2.130 

.985, 

FourBlade Dual Rotation Propeller Small Spinner 
= 8b0 pLH = 62.5O Plain Blade Hoots 

0.1959 
.2156 
,2310 
.2485 
.2617 

.2699 

.2606 

.2475 
,2348 
,2218 
,2111 

.le51 

.1732 
,1615 
.1566 
,1565 
.1572 
.1581 

e2672 

.le47 

Tables a?. 28 .a% 30 

2.399 
2.242 
2.083 
1.900 

1.563 
1.435 
1.259 
1.096 

1.714 

CS - 
3.473 
3.345 
3.170 
2.975 
2.801 
2.682 
2 520 
2.387 
2.269 
2.132 
2,017 
i.898 
1.752 
1.665 
1 526 
1.370 
1.123 

e 990 
e876 

e2085 
-1963 
,1785 
a1729 

e1540 
e1540 
,1537 
e1565 

,1620 

CP 

3.032 
1.062 
1.090 
1.106 
1.109 
1.105 
1.080 
1.043 
-905 
,933 
,920 

,812 
.764 

.a67 

Test 1 
7 

CP - 
1.012 
1.039 
1.050 
1.082 
1 095 
1.100 
1 085 
1 063 
1.009 
.945 
.go9 
,838 
.799 
758 
.732 
.711 
.700 
,703 
.699 
.YO7 

ACp 9 

0.0473 0.786 
e0400 -802 
.0346 .E12 
.0215 .E22 
.0108 ,819 - .0011 ,802 - e0119 -703 - ,0194 ,751 - e0237 ,708 - -0334 ,669 - e0320 e658 

- ,0364 e548 - -0352 e515 
- ,0287 .603 

1.865 
1.771 
1.682 
1.589 
1.486 
1.396 

c3 - 
4.190 
4.049 
3.901 
3.678 
3.522 
3.356 
3.182 
3.079 
2.892 
2.737 
2.650 
2.488 
2.350 
2.206 
e.025 
1.834 
1,677 
1.538 
1.351 
1.174 

-1446 e3130 
e1643 e3350 
a1790 .3500 
e1895 ,3630 
a1985 -3730 
,1999 e3730 

+ -0007 
+ e0014 - .0021 - .0059 - .0085 - -0133 

-862 
-869 
.860 
.830 
.791 
e748 

cS - 
4.319 
3.914 
3.764 
3.569 
3.382 
3.237 
3.107 
2.962 
2.815 
2.678 
2 e 520 
2 382 
2 251 
2.110 
1.938 
1 759 
1.614 
1.447 
1 293 
1.066 

TABLE NO. 29 TABLE NO. 30 

Four-Blade Dual Rotation PropSnall Spinner 
p, = 450 p, = 43.80 Faired Blade Roots p, L- 65' p, = 62.5' Faired Blade Roota 

Fcur-Blade Dual Rotation Prop Small Sphner 

Test NO. 40 

+0.0108 0.530 
+ ,0080 ,730 
+ -0083 e781 

CS - 
3.545 
3.164 
e. 973 
2.740 
2.513 
2.357 
2.210 
2.076 
1.950 
1.813 
1.704 

Teat NO. 45 

CS - 
4.152 
3.950 
3.775 
3.545 
3.359 
3.192 
3.077 
2.960 
2.819 
2.722 
2.684 
2.531 
2.390 
2.275 



r) 

0.688 
e756 

-846 
e862 
e866 

,848 

e812 

.E64 

-797 
-754 
-713 
.667 

-579 

.490 

.446 

.407 
-346 
.281 
.729 
,805 
.846 
,860 

.e64 

.E56 
-824 
.775 
.743 
.695 

e627 

e535 

-864 

cs 
3,514 
:3.280 

2.850 
2.660 
2.481 

2.184 

'3.050 

2.363 

2.048 
1.924 
1.803 
1.682 

1.443 

1.197 
1.100 
.998 
.e43 
.690 

3.421 
3.153 
2.910 
2.731 

2.394 
2.261 
2.116 
1.986 
1.891 
1.747 

1.566 

1.333 

2.560 

~ 

0.0248 
.0418 
.0552 
,0702 
.0827 
.0913 
,1044 
.1142 
.1243 
-1320 
-1345 

0.0662 0.620 
.0863 ,764 
.lo23 .e20 
.1185 .E52 
,1318 .957 
.1390 .861 
.1495 .862 
.1577 .842 
.1651 .e26 
.1710 .793 
.1773 .720 

ii859I 
1.776 
1.667 
1.578 
1.482 
1.387 
1.297 
1.209 
1.114 
1.030 
.935 
.854 
.776 
.663 
.541 

2.284 
2.190 
2.083 
1.994 
1.902 
1.801 
1.720 
1.625 
1.529 
1.456 
1.338 

.1777 

.1791 
,1820 
-1836 
-1863 
.1097 
,1935 
e1973 
-0744 
e0962 

e1241 
.1103 

.1365 

.1450 

.1541 
-1623 
.1671 
-1733 

.679 

.622 
,577 
.527 
.473 
-430 
.364 
-313 
-722 
e816 

,863 
.852 

.a64 
,856 
.858 
.938 
.E19 
.775 

0.0951 
.10 98 
.1206 
.1320 
.1452 
.1524 . 

0.1516 
.1603 
,1730 
.le13 
.le77 
.1860 

0.7860 
.7994 
.e140 
.0270 
.e220 
-8055 

2.0e2 
1.911 
1.768 
1.651 
1.543 
1.424 
1.308 
1.192 
1.077 
.983 
.834 
,677 

3.036 
2.935 
2.812 
2.658 
2.559 
2.437 
2.308 
2.189 
2.072 
1.949 

e1499 
.1471 
.1445 
.1430 
.1428 
.1417 
.1412 
.1411 
.1396 
.1378 
.1373 
.1375 
.0909 
.1CO9 
.1147 
.1278 
,1386 
.1475 
.E30 
-1522 
,1515 
.1480 

.1554 

.1487 

.1399 

.1340 

.1164 

.1118 

.lo18 

.lo14 
,0997 
.lo42 
.lo44 
.I494 
.1577 
.1664 
.1775 
.le58 
.l083 
.1834 
,1780 
.1684 
,1613 

.6920 

.6550 

.6250 

.5910 

.5669 
,5318 
.5179 
.4990 
.5000 
-4960 
.SO00 
.4990 
.7808 
.7940 
.e090 
.E190 
.E200 
.e160 
.7910 
.7585 
,7110 
.6820 

3.510 
3.363 
3.230 
3.062 

, 2.961 

IlAOA 
TPBLg NO. 31 TABLE NO. 32 Tablee 31,33,33,34 

Three-Blade (E) PFOpeller Small Spinner 
$ = 850 Plain Blade Roots 

Test No. 66 

Three-Blade (X I  Propeller Small Spinner 
$ = 450 Plain Blade Roots 

Test No. 68 

CT CP CS 

2.845 
2.575 
2.401 
2.204 
2.050 

1.805 
1.683 
1.571 
1,460 
1.342 
1.254 
1.149 
1.069 
.967 
.E69 
.786 
.659 
565 

2.733 
2.465 
2.307 

1 949 

2.132 

1.654 
1.578 
1.520 
1.438 
1.365 
1.311 
1.234 
1.162 
1.097 
1.027 
.950 

0.0365 
.0496 
.0650 
.0789 
.0946 
.lo90 
.1205 
.1324 
1362 
.1374 
.1386 
.1391 

.1415 
1436 
.1452 
.1465 
.1489 
.1516 
.1540 
.0420 
.0593 
.0762 
.0892 
.lo31 
.11m 
.1264 
.1347 
,1370 
.1380 
.1392 

1408 

).1226 
.1465 
.1723 
1913 
-2151 
.2340 
.2480 
.2603 
.2700 
2697 
2696 
2706 
-2711 
.2720 
-2762 
-2775 
-2805 
.2845 
-2911 
.2968 
.1318 

2.313 
2.234 
2.151 
2.050 
1.960 

.888 
-816 
-760 

-1358 
,1366 
.1380 
.1404 
.1420 

.689 

.621 

.564 
,475 
.a9 

1.625 
1.543 
1.484 
1.403 
1.336 
1.271 
1.202 
1.126 
1.065 
.990 

a 1444 
.la4 
.1508 

i .Om1 
0508 
,0633 
,0764 
.OB86 
.0976 
.1100 
,1207 
.1285 
.1360 

1614 
.le75 
.2071 
-2275 

1.993 
1.873 
1.748 
1.619 

-2416 
.2546 
.2662 
,2709 
.2709 
.2710 

_ _  ~ ~~ 

1.523 
1.407 
1.295 
1.216 

,918 3.363 1780 .704 
.8621 :13651 :1784I .659 

TABLe NO. 34 TABLe NO. 33 

Three-Blade (E) propeller mall Spinner Three-Blade (E) Propeller Small Spinner 
Plsln Blade Roots p = 550 Plain Blade Roots p - 65O 

Test No. 70 Test NO. 73 

v/nD I cT I 'p I r) I '9 

0.823 
.E38 
.848 
.e43 
.E48 
.824 
.787 
.752 

3.703 
3.421 
3.306 
3.113 
2.946 
2.797 
2.663 
2.525 
2.402 
2.282 
2.126 
1.985 
1.859 
1.716 
1.579 
1.447 
1.296 
1.182 
1.002 
.815 

3.787 
3.612 
3.408 
3.192 
3.045 
2.882 
2.720 
2.587 
2.457 
2.324 

4.100 

3.815 
3.650 
3.466 
3.290 
3.121 
2.992 
2.788 
2.634 
2.490 
2.273 
2.120 
1.965 
1 .e03 
1.630 
1.491 
1.343 
1.138 
,988 

4.150 
4.020 
3.890 
3.710 
3.543 
3.372 
3.208 
3.050 
2.862 
2.742 

3.965 
0.790 
.796 
.e12 
.800 
.792 
-759 

2.990 
2.847 
2.740 
2.615 
2.486 
2.374 

0.3455 
.3731 
.3900 
.4095 
.4260 
-4390 

;IS01 I i7700 
.1744 .7440 

717 
.682 
636 
.594 
.557 
e514 
.472 
.429 
.SO 
.343 
.289 
.234 
.e26 
.830 
,847 
.e46 
.851 
.839 
.803 
.769 
.739 
.697 

.1636 I .4220 
.4122 
4020 
.3975 
.3953 
-3930 
.3909 
.3925 
.3958 
.3950 
.3960 
.3970 
.33a 
.3570 
.3815 
4017 

6 4166 
4285 
-4400 
.4330 
.4248 
.4140 

625 
.592 
.538 
.501 
.430 . ~~ 

.389 

.333 

.302 

.270 

.237 
206 
.789 
.798 
.800 
.a05 
.e03 
.778 
.743 
.715 
.678 
.648 



"A 

2.188 
2.081 
1.998 
1.894 
1.805 
1.717 
1.625 
1.526 

TABLE NO. 35 

.0770 

.0933 
,1108 
-1262 
,1418 
.1554 
.1670 
.1753 

TABLE NO.36 Tabbe 35,86,31,58 

v/m 
4.115 
3.943 
3.810 
3.623 
3.463 
3.280 
3.100 
2.950 
2.791 
2.618 
2.441 
2.274 
2.122 
1.950 
1.811 
1.644 
1.510 
1.343 
1.139 
.976 

Three-Blade (E') Propeller Small Spinner Tkee-Blade (El) Propeller Small Spinner 
Plain Blade Roots p = 350 Plain Blade Roots p = 450 

Test No. 74 Test XO. 75 

'T 

0.1811 
.1921 
.2032 
.2165 
,2280 
.2307 
.2240 
,2163 
.2075 
.2002 
.1935 
.1882 
.1811 
.1696 
.1650 
.1620 
.1608 
.1611 
.1616 
-1600 

CT 

0.9668 
.9870 
1.0020 
1.0120 
1.0200 

CP 

0.771 
.768 
.774 
.775 
.774 

r) 

1.0180 
,9910 
.9956 
.8900 
.E500 
.e160 
.7890 
.7590 
,7280 
.7110 
.7030 
.6970 
.6910 
.6880 
.6800 
.9678 
.9800 
.9940 

1.0130 
1.0190 
1.0210 
1.0000 
.9630 
,9150 
.a690 

1.640 
1.580 
1.502 
1.426 
1.353 
1.298 
1.229 
1.157 
1,091 
1.018 
.947 
.885 
.824 
.751 
.683 
.617 
,558 
.475 
,414 
1.605 
1.532 
1,470 
1.391 
1.327 
1 258 
1.195 
1.116 
1.059 
.985 

.746 

.708 

.682 

.651 

.617 

.579 

.542 

.506 
,454 
.421 
,379 
.348 
.313 
.268 
.230 
,767 
.773 
.773 
-774 
.776 
.766 
,730 
,700 
.665 
.631 

0.0353 
.os21 
.0705 
,0868 
.lo12 
-1132 
.1273 
.1406 
.1520 
.1641 
.1721 
,1751 
.1775 
,1819 
.1842 
.1888 
.1904 
.1988 
.2012 
.0449 
.0629 
.0778 
.0948 
.lo64 
.1211 ' -1332 
.1474 
.1581 

- -  - 
3.675 
3.530 
3.370 
3.196 
3.039 
2.865 
2.697 

0.0867 
-1066 
,1290 
.1467 
.1624 
.1715 
.la74 
,1975 
.2079 
.2166 
.2260 
.2308 
.2332 
.2353 
.2410 
.2432 
.2458 
.2509 
.2586 
.0981 
.1206 
.1372 
.1553 
.1674 
,1815 
.1915 
.2032 
.2120 
.2218 

.2133 
-2238 
,2320 
,2281 
.2218 
.2123 
.2035 

0.668 
.772 
.a21 
,838 
.844 
.843 
.835 
.E16 
,798 
,772 
.722 
.672 
.627 
.580 
,522 
.478 
.433 
-376 
.321 
.734 

, .799 
, ,854 
, .a49 
.e43 
.a39 
.E32 
.a09 
.790 
.750 

2;427 
2.310 
2.203 
2.082 
1.946 

CS 

i1839 .5480 .814 
.1903 .5580 .788 
.1925 ,561 .757 
,192 .5535 .725 
.191 1 .54i ,683 

2.675 
2.476 
2.264 
2.096 
1.947 
1.84i 
1.717 
1.600 
1.495 
1.382 
1.275 
1.186 
1.103 
1.003 
.908 
.a19 
,743 
627 

.542 
2.663 
2.341 
2.188 
2.018 
1.898 
1.769 
1.661 
1.535 
1.445 
1.330 

1.199 .1846 
1.118 .la81 
1.020 .1919 
.944 -1965 

.657 .2070 

2.320 -0472 
.2100 
. 

2;229 I .0662 

.36011 .584 11.373 
,3650 .537 1.249 
.3710 .500 1.152 

.3797 412 .934 
-38681 :352 I .794 

,2089 806 2;993 
.2359 I :824 I 2.778 
.2604 .850 2.617 
,28161 .848 12.443 
.3034 .843 2.292 
.3208 .832 2.160 
.3340I .812 12.026 
.3503 .763 1.884 

TABLE NO. 37 T U L E  NO. 30 . 

TWe'e-Blade (E') Propeller Small Spinner Three-Blade (El) Propeller Small Spinner 
p = 550 Plain Blade Roots p = 65O Plain Blade Roots 

Test NO. 76 

'I* I 'T I 'P I , I I 

2.974 
2.860 
2.753 
2.625 
2.494 
2.376 
2.265 
2.142 
2.017 
1.900 
1.772 
1.646 
I. 539 
1.421 
1.312 
I. 197 
1.075 
.990 
,841 
.732 

0.12161 0.43671 0.829 
.817 
.824 
.829 
.826 
.809 

.1915 

.1930 

.1922 

.1913 
,1916 
.1916 
.1915 
.1927 
.1934 
,1950 
.1969 
,1977 
.1978 
.1978 

.56M 

.5575 

.5491 

.5415 

.5342 

.5289 

.5270 

.5260 
,5278 
.5305 
.5370 
.5 410 
.5405 
.5410 

.775 

.742 

.707 

.671 

.636 

.597 

.559 

.521 

.481 

.440 

.394 

.362 

.308 
,268 

3.0281 .11121 .42121 .799 
2.9001 2.800 .12651 .1406 .45601 .4760 .804 .828 

2.665 .1562 .5059 .823 
2.550 -1700 .5262 .824 

CS - 
3.509 
3.329 
3.169 
2.995 
2.828 
2.675 
2.546 
2.410 
2.275 
2.147 
2.008 
1.868 
1.747 
1.614 
1.489 
1.357 
1.217 
1.119 
,950 
,827 

3.600 
3,390 
3.242 
3.051 
2.899 
2.738 
2.596 
2.472 
2.344 
2.199 

4.181 .1778 
4.030 ,1875 
3.870 I .1986 

Test NO. 77 

CP CS - 
4.148 
3.951 
3.810 
3.619 
3.456 
3.267 
3.106 
2.988 
2.855 
2.697 
2.541 
2.385 
2.247 
2.080 
1.940 
1.764 
1.623 
1.448 
1.229 
1.054 
4.210 
4.046 

3.671 
3.519 
3.360 
3.196 
3.066 
2.917 
2.778 

3.874 



TdBLE NO. 39 
RAOA 

0.0964 
.1272 
.1443 
.1703 
.1904 
.2088 
.2248 
.%370 
,2455 
.2555 
.2650 
.2678 
,2679 
.2700 
,2766 
.2A2B 
.2871 
.290@ 
.2965 
.3042 
,1149 
-1336 
.I622 
-1793 
.ZOO5 

.2301 

.2421 

.2521 

i 

0.576 
.731 
.805 
-836 
,844 
-851 
.850 
.836 
.832 
.BO1 
.728 
.681 
.639 
.602 
.550 
,503 
.461 
,418 
.372 
.309 
.690 
.761 
.809 
.E46 
.e54 

.846 
,837 
.En9 

.e50 

TTO-Blabe (E") Propeller Small Spinner 
p = 350 P1'aln ~ i a d e  Roots 

2.340 
2.240 
2.169 
2.057 
1.955 
1.855 
1.762 

1.600 
1.503 
1.179 
1.293 
1.207 
1.121 
1.018 

.929 

.E44 
* .756 

.672 
,557 

2.286 
2.217 
2.097 
2.010 

1.805 
1.720 
1.637 
1.527 

1.675 

i.ew 

1.638 0.0225 0.0568 0.649 

1.507 -0466 -0860 .E16 
1.679) .ossal .07ooI .758 

0.0237 
.0415 
.0532 
.0692 
.0822 
.0958 
.lo84 

.E76 

.1362 

.1339 

.l405 

.1419 

.1454 

.I494 

.1522 

.1569 

.1607 
,1639 
.1689 
.0347 
.0459 
.0626 
.0754 

.lo26 

.1131 

.E38 

.1352 

.na3 

.0902 

1.427 
1.354 
1.298 
1.227 
1.160 

.E41 

.E56 

.E56 

.a43 . e32 

.e19 

.BOO 
,776 
-700 

.Om8 ;lo31 

.0732 .1158 

.OB16 .1239 
,0928 .1350 
,1023 .1428 

.e171 .13941 .17691 ;644 

1.089 .1145 
1.022 .E33 

-886 .1370 
.1333 

.754 ,1413 .1785 .597 
,6841 .145~1 .El151 .547 
.620 -1500 .I858 .200 

.1521 

.1576 

.1734 

.1628 

.496 

.410 
1.618 
1.532 
1.465 
1.401 
1.327 
1.260 
1.192 
1.121 
1.058 
.904 
.915 

2.982 
2.872 
2.748 
2.620 
2.495 
2.370 
2.270 
2.144 
2.005 
1.883 
1.777 
1.652 
1.537 
1.422 
1.311 
1.202 
1.083 
,962 
,848 
.718 

3.010 
2.920 
2.796 
2.661 
2.553 
2.425 
2.314 
2.195 
2.071 
1.946 
1.846 

.1568 

.1606 

.0264 

.0421 

.0535 

.0660 

.0762 

.OB76 

.099 1 

.lo93 

.1186 

.E98 

.1368 

0.0802 0.2952 
.0929 .3220 
.lo71 .5430 
.1161 . 3 W  
,1297 .5853 
.1407 .39= 
.1485 .4100 
.1497 .4186 
,1471 .4100 
.1460 .4059 
.1470 .3981 
.la4 .3374 
.1471 .3972 
. l a 0  .3992 
.1494 .4000 
.1512 .4031 
.154S .40W 
,1556 .4096 
.1563 .4120 
.1567 .4UO 
.0787 .2919 
.0863 3069 
.09g7 . S S U  
.1128 .3671 
.1229 .3760 
.1349 .3920 
.1446 .4062 
-1500 .4158 
,1487 .4143 
.1474 .4000 
.1468 .4035 

.1951 

.ZOO5 

.0616 
,0802 
.0937 
,1074 
,1186 
.E95 
.13'34 
.1482 
.1544 

.1634 
,1608 

4.106 
3.940 
3.780 
5.611 
3.430 
3.265 
3.090 
2.970 
2.803 
2.601 
2.468 
2.280 
2.159 
1.975 
1.810 
1.635 
1.500 
1.355 
1.199 
.980 
4.151 
4.040 
3.860 
3.700 
3.539 
3.362 
5.190 
3.032 
2.865 
2.693 

.s99 

.328 

.693 

.E04 
,837 
,861 
.852 
.E52 
.a47 
.E26 
,813 
.794 
.766 

0.1292 0.E925 
.1385 .7085 
.1486 .7210 
.1680 .7315 
.1694 .7390 
.1761 .7370 
.1748 .7329 
.1692 .7155 
.1W5 .6720 
.1516 .6330 
,1470 .6105 
,1413 .5850 
.1383 .5715 
.lS49 .5580 
.1SM .5430 
.1271 .5340 
.1266 .5290 
.1247 -5235 
.1256 ,5200 
.12S8 .5185 
.1262 .6870 
.1323 .6965 
.I440 ,7120 
.E30 .7230 
.1645 .7391 
.1740 ,7438 
,1789 .7371 
.1744 .7289 
.le45 .6910 
.1555 .6480 

TABLE NO. 41 

CS - 
2.904 
2.690 
2.461 
2.250 
2.084 
1.973 
1.833 
1.?15 
1.588 
1.480 
1.363 
1.258 
1.154 
1.064 
.960 
.E67 
.783 
.688 
.565 
2.924 
2.536 
2.353 
2.179 
2.033 
1.890 
1.770 
1.645 
1.536 
1.417 
1.315 

Two-Blade (S") Propeller Small Spinner 
p = 550 Plain Blade Roots 

Test No. 71 

rl 

D.810 
.e29 
.868 
.e34 
.e44 
836 
.e22 
.767 
.719 
-679 
A56 
. a 9  
.569 
,527 
.489 
.451 
412 
.366 
,322 
.273 
.a12 
.e22 
.e53 
.e48 
.E34 
.e34 
.E25 
.792 
,743 
.703 
.672 

- CS - 
3.808 
3.604 
3.408 
3.210 
3.019 
2.846 
2.715 
2.551 
2.398 
2.260 
2.136 
1.986 
1.847 
1.708 
1.575 
1.442 
1.300 
1.151 
1.013 
.858 

3.853 
3.706 
3.487 
3.273 
3.107 
2.925 
2.777 
2.614 
2.469 
2.331 
2.215 

Two-Blade (E?) Propeller Small Spinner 
Plain Blade Roots p 450 

1.145 1378 2631 ,757 
1.3461 :14091 :26721 .709 

TABLE NO. 42 

CS - 
3.734 
3.384 
3.200 
2.931 
2.721 
2.539 
2.376 
2.e33 
2.117 
1.973 
1.799 
1.691 
1.571 
1.457 
1.316 
1.196 
1.083 

.968 

.E58 

.707 
3.525 
3.319 
3.037 
2.834 
2.617 
2.449 
2.305 
2.177 
2.012 
1.093 
1.754 

Two-Blade (E") Propeller Small Spinner 
p = 650 Plain Blade Roots 

-- 'Pes t  WO. 72 

rl 

1.768 
.770 
.780 
.781 
.786 
.777 
.737 
-702 
.670 
.623 
.594 
.551 
.522 
.477 
.439 
.389 
356 
.322 
.289 
.234 
.756 
.76a 
.781 
.782 
.788 
.787 
.774 
.726 
.682 
,647 

CS -- 
4.421 
4.220 
4.045 
3.e49 
3.650 
3.463 
3.291 
3.178 
3.033 
2.848 
2.722 
2.558 
2.418 
2.220 
2.045 
1.855 
1.701 
1.541 
1.367 
1.117 
4.479 
4.345 
4.130 
3.952 
3.762 
3.567 
3.391 
3.235 
3.086 
2.935 



NA CA Figs. 1,2 

- 

Figure 1.-Six-blade propeller with small spinner. (F i l le ted  blade roots)  

Figure 2 .- Six-blade propeller with large spinner. (Apertures closed) 
~~~ 



NACA Fig. 3 

.. 

-~~~ 

Figure 3.- Six-blade dual-rotation propel le r  with small sp lnner .  



... 

Fimre 4.-  Small spinner - plain blade roots .  

Figure 5.- Small sp inner  - f i l l e t e d  blade roots.  
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Figure 39.- Chart for evaluation o f  VT. 



l A C A  

0' 

0 0 0 0 0 0  0 0 

E ' ? ? ? . ?  Y 0. *! 

I 
I 1 1 1  I I I 

I 
I 

0 

4 
8 m 
rl 

2 
I. 
M 
M 

4 k 
L 

d: 
k 
0 

u 
+. 
16 
m 
k 
9) 
rl 
4 
0 

2 a 

I 
ri 
M 

0' 



F Tlge. 34.35.30 

B I 
I 

d I ' I  
r I I 

I 
I 
I 
I 
I '  

0 0 
I 

'L! 0' 
B 
0" 

0 0 0 0  0 0 
9 9 h . 4  ". t 0 

*! 
0 
a! 

0 0 0 0 0 0  0 0 
? o! ? ? c I ? ?  9 

2 

4 
61 

s 
? 
9 
c. 
4 

I , ,  I I I I 

m m t - m  w e n 
? ? ? ?  ? ? 9 ? 



BAOA c 
0 0 0 0  0 0 
? Q ? ?  Y *. 

0 0  0 
9 *. 2 

0' 

0 
'u. s x 

I I 

\ 

s 
0 

0 0 0 0  0 0 0 0 c p ? Q ? ?  9 s 1 
1 , I  I I I s 

0 
f 

I 

Y 

I 


